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ABSTRACT 
A 2.0 m diameter viscometer/rheometer was designed, constructed, 
and used to test the behaviour of coarse grained debris flow materials. 
A 1/5 scale model was also constructed and used to test fluid-only and 
grain-fluid mixtures. 
The 30° inverted cone-and-plate viscometric system produced 
results comparable to those obtained from more standard viscometric 
systems. Internal flow behaviour was shown to be similar to standard 
(I., J, cone-and-plate geometries and values of internal shear rate were close 
I 
I to those predicted from theory. 
The behaviour of highly concentrated fine suspensions (clay 
slurries) confirmed the findings of previous workers that these 
materials have a plastic or Bingham plastic rheology. Clay slurries 
containing coarse grains, and artificial grain-fluid mixtures, display 
many features of granulo-viscous behaviour such as stick-slip phenomena, 
structural changes, and fluctuations in torque values. Flow curves 
displaying dilatant behaviour occurred almost universally in coarse 
grain-fluid mixtures at shear rates greater than about 5 S-I. 
Flow curves for fresh concrete were similar to those identified 
by others and might well fit the Bingham plastic model. 
Flow curves for debris flow materials were extremely sensitive to 
water content. Debris flow materials that have a bimodal grain size 
distribution are likely to have a dilatant plastic rheology while those 
which have a low content of coarse material and a unimodal grain size 
distribution are likely to have a plastic or viscoplastic rheology . 
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CHAPTER 1 
INTRODUCTION 
1.1 PROBLEM STATEMENT 
Debris flows are a form of gravity-induced rapid mass movement of 
a body of granular solids, water, and air intermediate between 
landsliding and water flooding, with mechanical characteristics 
different from both of these processes (Johnson 1970; Varnes 1978). 
Interest in the study of debris flow has flourished recently; debris 
flows claim hundreds of lives and cause ,millions of dollars of property 
damage throughout the world each year (Costa 1984). 
Debris flows originate in steep hill catchments and channels and 
~re due, in large part, to slope failures brought about by excess 
moisture. High pore-water pressures caused by high-intensity rainstorms, 
snowmelt, or lake collapse can mobilise unconsolidated,poorly sorted 
rock and soil debris on steep slopes and initiate debris flows. The 
exact mechanism by which slope failures become debris flows is 
uncertain. Transformation of slides and slumps into flows, either 
through dilatancy and incorporation of additional water, or by 
liquefaction has been suggested by many investigators (eg. Johnson and 
Rahn 1970; Campbell 1975). The reduction of the viscosity of the 
material from an infinitely high value to some lower value changes its 
behaviour from a solid to a viscous fluid which can attain high 
velocities on steep slopes. 
Observed debris flows resemble wet concrete and generally move 
down-valley in a series of waves or surges, at intervals of a few 
seconds to several hours. Debris flows also have the ability to 
transport boulders several metres in diameter within the flow. 
The internal processes of debris flows are more complex than 
those occurring in granular flow, sediment transport, and water 
flooding. Debris flows are multiphase phenomena with individual phases 
varying within relatively narrow limits but combining to form a 
characteristic erosion process. In the case of pure granular flow, the 
viscosity of the interstitial fluid (air) can be neglected and the 
mechanics of motion are controlled by grain-grain interaction. In normal 
sediment transport by water, turbulence and high local velocities are 
important agents for entraining sediment into the flow and the viscosity 
i- . 
2 
of the fluid, although a contributor to forces on very fine grains, is 
still a relatively minor factor. Grain-grain interactions in both of 
these processes are predominantly inertial. Debris flows, in contrast, 
contain high sediment concentrations (40% or more by volume), have a 
wide size range of materials in the flow, and have high interstitial 
fluid viscosities and grain-grain interactions which are almost entirely 
viscous contributing to the flow behaviour. 
There currently exist in the literature several models of the 
mechanics of debris flow. In Chapter 2 these models are outlined and the 
present state of knowledge of debris flows is summarised. 
Two recent review articles on debris flows (Costa 1984 and Innes 
1983) suggest that understanding of debris flow motion, particle support 
mechanisms, and mechanical/ hydraulic characteristics is poor. Innes 
(1983) suggests where further research could be profitably directed: 
"The mechanics of initiation, flow, and deposition are not fully 
understood. In particular, the support mechanisms need to be 
investigated and the reasons for the very high suspension competences 
explained." 
The summary of debris flow characteristics in Chapter 2 will lead 
to the particular objective of this study: namely the investigation of 
the rheological behaviour of debris flow materials. Only when an 
understanding has been obtained of the fundamental properties of debris 
flow materials and their behaviour under various conditions of applied 
shear, can models be assessed and a rational basis adopted for 
predicting debris flow hazards and designing countermeasures. 
1.2 OBJECTIVES OF RESEARCH 
The objective of this study was to obtain information on the 
rheological behaviour of debris flow materials and to relate this 
information to existing rheological models of debris flow and suspension 
competence. 
3 
1.2.1 Specific objectives and outline of methods 
From the broad objective, the following specific objectives were 
formulated: 
1. Design and evaluate a suitable rheometer. 
2. Investigate the rheology of various mixtures of grains in 
fluids. 
3. Measure the rheological properties of debris flow materials. 
1.3 LIMITATIONS 
It is obvious that any laboratory attempt to measure the 
characteristics of a natural process will suffer from scale problems and 
problems associated with the choice and selection of experimental 
materials. Nevertheless, it is apparent that any addition to the 
~nowledge of a natural erosion process will potentially improve the 
assessment and prediction of that process, both in time and space, and 
aid in the design and planning of structures likely to be affected by 
that process. In light of the time available for the study (3 years), 
the financial constraints, and the fact that only a limited number of 
debris flow materials could be studied, the project proceeded as 
outlined below. 
1.4 LAYOUT 
The intention of this thesis is to outline the physical behaviour 
of debris flows, comment on the various current rheological models of 
debris flow, formulate a method of measuring the rheological flow 
parameters of debris flows, and finally to collect actual debris flow 
material and measure its flow properties. The chapter sequence is as 
follows: 
1. INTRODUCTION 
2. LITERATURE REVIEW 
3. RHEOMETRIC CONCEPTS AND DESIGN CONSIDERATIONS 
4. PRELIMINARY EXPERIMENTS AND MACHINE EVALUATION 
5. RHEOLOGICAL INVESTIGATIONS OF CONCENTRATED SUSPENSIONS 
6. RHEOLOGY AND PHYSICAL PROPERTIES OF DEBRIS FLOW MATERIALS 
7. RHEOLOGICAL MODELS OF DEBRIS FLOW 
8. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR FUTURE RESEARCH 
i-
4 
It should be noted that certain aspects of the study are 
distinctly separate from others and for this reason some chapters have 
their own literature review and discussion sections. 
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CHAPTER 2 
LITERATURE REVIEW: RHEOLOGY OF DEBRIS FLOW MATERIAL 
2.1 INTRODUCTION TO RHEOLOGY 
Rheology is the study of the deformation and flow of matter (van 
Vazer et al. 1963). Viscous deformation is expressed in terms of rate of 
shear, which is the velocity gradient or change in velocity of flow with 
distance measured at right angles to the flow direction. 
In the simplest model of flow (Newtonian) the viscosity is 
defined as the tangential shearing force pe'r uni t area that will produce· 
a unit velocity gradient. If viscosity is not constant but varies with 
shear rate, the viscosity is said to be non-Newtonian. In this case the 
ratio of shear stress ~o shear rate is sometimes referred to as the 
apparent viscosity (British Standard BS 5168). Apparent viscosity is 
also used to denote the values calculated from measurements obtained on 
non-Newtonian fluids using equations appropriate to Newtonian liquids 
(ASTM standard specifications). In this study th~ BS 5168 definition 
will be followed. 
2.1.1 Types of fluids 
The relationship between fluid shear stress and the rate of shear 
(velocity gradient) as one moves away from a flow boundary determines 
the theoretical development of a flow equation and can be used to 
characterise fluids, and these are summarised in Figure 2.1 
Newtonian Fluid - Curve D 
-
A Newtonian fluid exhibits a simple linear relation 
between applied shear stress ( ~ ) and shear rate (du/dy = y) which for 
one dimensional shear flows can be shown as 
l1y .................... 2.1 
where the coefficient 11 is the viscosity of the fluid. For a non-
Newtonian fluid, one is concerned with the relationship between shear 
stress and shear rate, known as the flow curve ~ = ~ (y). The related 
en en 
w 
a: 
I-en 
a: 
-< w 
~ 
en 
viscosity-shear rate relationship is sometimes called the viscosity 
function ~ = ~ (y). Another related factor, the slope viscosity 
u = d~/dy is not used in this report. Other terms (such as dilatant 
sometimes referred to as shear thickening, pseudoplastic sometimes 
. . 
referred to as shear thinning, and plastic) are used to qualify 
viscosity to describe different ways in which the flow curve and 
viscosity function can vary with shear rate. 
/ 
/ 
/ 
/ 
/ 
,/ 
"" ~a=T/J 
,......8 
SHEAR RATE 
T-TB 
A TIp = J 
A - Bingham fluid, np = plastic viscosity, ~B = Bingham yield stress 
B - Pseudo-plastic fluid, no = apparent viscosity 
C - Dilatant fluid, na = apparent viscosity 
D - Newtonian fluid, n = viscosity 
Figure 2.1 Typical shear stress - shear rate relationships 
(flow curves) for fluids. 
Note: in many fluid mechanics applications kinematic viscosity (~) is 
used where ~ = ~/p. In this thesis I use dynamic viscosity (~) 
only. 
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Cheng (1981) uses the term 'viscosity' to mean "steady shear 
viscosity under conditions when a fluid is subjected to prolonged steady 
simple shear"; i.e. the long-term time invariant viscosity. It is only 
one of the many diverse rheological properties that govern the complex 
deformation and flow behaviour of fluids. Other properties include 
normal stress and time-varying viscosity (pertaining to oscillatory 
flows), time dependent thixotropy, elongational viscosity and 
compressibility which are important in unsteady flow situations. 
Additional complication in the definition and measurement of 
viscosity is encountered with non-Newtonian fluids because viscosity is 
a function of their shear rate. Any comparison of non-Newtonian 
viscosities can only be made at the same shear rate, and one has 
therefore t6 make a shear rate correction and to determine the viscosity 
over a range of shear rates. Standard specifications related to non-
Newtonian fluids often bypass these complications by only specifying the 
determination of apparent viscosity without however specifying the 
corresponding shear rate, i.e. using the Newtonian equations for shear 
rate and making no correction for non-Newtonian behaviour. 
Bingham Fluid - Curve A 
Bingham fluids require that the shear stress exceeds some 
critical value before any shear occurs. In this case 
.................... 2.2 
where lB is the yield strength and np is the plastic viscosity. 
Pseudoplastic Fluid - Curve B 
Pseudoplastic fluids do not have a yield stress at zero 
.~ 
strain rate and are characterised by a progressively decreasing ratio of 
shear stress to shear rate, and hence decreasing apparent viscosity na' 
l .................... 2.3 
Several empirical equations have been used to describe pseudoplastic 
fluids, the simplest of which is the power law (Hughes and Brighton 
1967): 
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n < 1 .................... 2.4 
lla = kyn-l 2.5 
where k and n are constants for a particular fluid. k is a measure of 
the "consistency" of the fluid and n is a measure of the deviation from 
Newtonian behaviour (n = 1 corresponds to a Newtonian fluid). 
Dilatant Fluid - Curve C 
Like pseudoplastic fluids, dilatant fluids have no yield 
stress at zero strain rate, but the apparent viscosity increases with 
increasing shear rate. The same relationships apply to dilatant fluids 
as for pseudoplastic fluids except that for dilatant fluids n > 1. 
2.2 DEBRIS FLOV CHARACTERISTICS 
2.2.1 Definition and classification 
Debris flow terminology and classification is, at present, 
confusing and contradictory. The definition of Varnes (1978)-"a debris 
flow is a form of rapid mass movement of a body of granular solids, 
water, and air, with flow properties varying with water and clay 
content, sediment size and sorting"- adequately sums up the major 
physical attributes of debris flow. The most common classification 
schemes for flows with high sediment concentrations are based on 
sediment content and are given in Table 2.1 (Bradley and McCutcheon 
1985). From Table 2.1 it is obvious that a series of contradictions 
exists regarding class groupings and nomenclasure. At low sediment 
concentrations there is a general concensus, but above 30% Cv (Cv 
concentration of solids by volume) there exist wide discrepancies 
between the classifications. A different approach based on thresholds in 
rheologic behaviour classifies sediment-water mixtures as in Figure 2.2 
(Pierson and Costa 1987). These authors argue that existing 
nomenclatures of geologic flow phenomena can fit within this rheologic 
classification and while no specific numerical values are given for 
boundaries A,B, and C they consider that the boundaries will change for 
different grain size distributions and physical-chemical composition. 
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Further, they state that A marks the onset of yield strength; B marks 
the sudden, rapid increase in yield strength that permits static 
suspension of gravel and onset of liquefaction behaviour; C marks the 
cessation of liquefaction behaviour. Pierson and Costa's (1987) 
classification is 'process' oriented and involves shear rate and 
sediment concentration rather than texture or composition as the 
dominant factors. This particular classification removes terms such as 
"mudflow" and "debris torrent" which have been misleading in the past. 
I feel, however, that the term debris flow as proposed by these 
authors for slurry flows of both the inertial and viscous variety is not 
warranted for mean veloci ties less than 10-2 - lO- i ms- i • The term debris 
flow is well established in the literature to mean a fairly rapid form 
of mass movement process and' to include slower mass movement processes 
is misleading. 
Table 2.1 Classifications of flows with high sediment 
concentrations (Bradley and McCutcheon 1985). 
SOURCE CONCENTRATION PERCEln BY VOLUME (S,G. = 2,65) 
10 20 30 40 50 60 7fJ BO 90 100 
Beveraqe and 
Culbertson (1964) Hi!lh Extreme Hyperconcentrated Mud Flow 
Costa (1984) Water Flood Hyperconcentrated Debris Flow 
NRC ,from 
O'Brien & Julien Water Flood ~'lId Flooo I"ud Landslide 
(1984) . Flow 
Fall, Landslide. 
Takahashi (1981 ) Debris or Grain Flow Creep. Sturzstrom, 
Pyroclastic Flow 
Chinese Investiqators r-------~--·- Debris or Mud Flow --.---.------~ 
(Fan & Dou, 1980) ~---------------------- Hyperconcentrated Flow -------------~---~ 
... Sediment Laden.o! 
STREAHFLOH SLURRY FLOI-I GRAflULAR FLOB Fast~ 
t § Pierson & Costa (1984 ) 1I0rmal (Debris Torrent), Sturzstrom, Debris Hyperconcentrated Debris & Mud Flow, Avalanche. Earthflow; 
So Ii f1 uctJnn Soil r. .. ppn 51ow-< 
FAST-
INERTIAL 
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OOMINANT 
10' 
10-' 
Ui 10-' 
'-.s 
>-~ 
U 
0 10-' 
..J 
w 
> 
Z 
<{ 
w 
:E 10~ 
1 0~ 
10" 
10-' 
SLOW-
VISCOUS/. 10" 
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FLUID TYPE 
INTERSTITIAL 
FLUID 
FLOW CATEGORY 
FLOW BEHAVIOR 
NORMAL 
STREAMFLOW 
NEWTONIAN 
WATER 
LIOUID 
SEDIMENT CONCENTRATION (VOL. %1 
HYPER CONCENTRATED 
STREAMFLOW 
INERTIAL 
SLURRY FLOW 
VISCOUS 
SLURRY FLOW 
NON -NEWTONIAN 
WATER-FINES 
STREAMFLOW I SLURRY FLOW 
PLASTIC 
RAPID INERTlALl 
GRANULAR FLOW 
INERTIAL 
GRANULAR FLOW 
FRICTIONAL ! 
GRANULAR FLOW 
WATER. AIR 
.RNES 
GRANULAR FLOW 
100 
Figure 2.2 Rheological classification of flow as proposed 
by Pierson and Costa (1987). 
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2.2.2 Physical properties of sampled debris flows 
Table 2.2 (Costa 1984) summarises the results of some of the 
reported analyses and measurements of sampled debris flows. Observed 
debris flows resemble wet concrete and generally move down a channel in 
a series of waves or surges. The fronts of debris flow surges are 
usually higher than the trailing portions and contain the largest 
boulders being moved. The surges are followed by more fluid, watery, 
turbulent slurries with very high suspended sediment concentrations, but 
fewer boulders. 
Localion Velocily Slope Bulk Newlonian !,Clay Depth Solids Shear Reference 
(m/s) 
Rio Revenlado. 2.9-10 
Cosla Rica 
Hunshui Gully. 10 -13 
China 
Bullock Creek. 2.5- 5.0 
New Zealand 
Pine Creek.' 10 -31.1 
MI. SI. Helens. Wa. 
Wrighlwood Canyon. 0.6- 3.8 
Ca. (1969 now) 
Wrighlwood Canyon. 1.2- 4.4 
Ca. (1941 now) 
Lesser Almalinka 4.3-11.1 
River. U.S.S.lt 
Malanuska Glacier. 0.001-1.3 
Alaska 
Nojiri River. 12.7-13.0 
Japan 
Mayflower Gulch. 2.5 
Culorado 
Dnogun Creek.' . 7.0 
Arizona 
., Calculaled values from deposils 
Table 2.2 
densily viscosity slrenglh 
(!,) (g/em') (Poise) (m) (!, WI.) (dn/em') 
4.6-17.4 1.13-1.98 1-10 8 -12 20-79 
2.0 -2.3 15- 20 3.6 3-5 80-85 294-490 
«0.005 mm) 
10.5 1.95-2.13 2.100- 8.100 4 1.0 77-84 
7 -32 1.97-2.03 200- 3.200 0.13- 1.5 3.900-11.300 
9 -31 1.62-2.13 100-60.000 1.0 59-86 
9 -31 2.4 2.100- 6.000 <5 1.2 79-85 
10 -18 2.0 2 -10.4 58 
2 -47 1.8 -2.6 ;:;3 0.01- 2.0 67-89 <0.4x 10'10 
1.5 X 10' 
5.8- 9.2 1.81-1.95 2.3 - 2.4 
27 2.53 30.000 1.1 1.5 91 
«0.004 mm) 
5.9 2.0 27.800 5.8 80 221 
Physical properties of sampled debris flows 
(Costa 1984). 
Waldron 1967 
Li Dnd Luo 
1981 
Pierson 1981 
Fink el al .. 1981 
Morlon and 
Campell 1974 
Sharp and 
Nobles. 1953 
Niya7.0vand 
Dcgovels 1975 
Lawson 1982 
Walanabe and 
Ikeya 1981 
Curry 1966 
Cooley, el al. 
1977 
Observed velocities range from 0.5 to about 20 ms- I and vary due 
to such factors as the character of the debris itself, slope, and depth 
of flow. Mechanical analyses of debris flows indicate a very small 
proportion of silt and clay sized particles (10-20%), and the percentage 
of clay is usually a few percent only. 
Debris flows can have Newtonian viscosities as high as 1000 to 
60000 poise (100 to 6000 Ns.m-2). Bulk densities vary widely and are 
highly dependent on sampling methods used. 
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According to Costa (1984) flows with bulk densities less than 1.8 
tonnes.m-3 are probably hyperconcentrated sediment flows, and are not 
true debris flows unless these flows have an unusually large amount of 
fines. Debris flows have a range in volume concentration of solids of 
25-86%, and solids weight proportion (Cw) of about 35-90%. The water 
content of debris flows generally ranges from about 10 to 30% or greater 
by weight. 
Debris flows can be highly erosive during their passage through 
steep channels and exert more shear stress on the channel bed than 
waterflows between surges (Pierson 1980). Flow depths rarely exceed 5 m 
and are more commonly 1~2 m. 
2.2.3 Boulder transport and suspension of solids 
A peculiar characteristic of debris flows is their ability to 
transport very coarse material. Boulders several metres in diameter have 
been reported being transported by debris flow (Johnson 1970; Fisher 
1971; Pierson 1980; Takahashi 1981). It i~ possible to distinguish two 
forms of competence (Pierson 1981). Transport competence is defined as 
the largest particleto be moved by the flow and suspension competence is 
defined as the largest particle to be moved in suspension. What is it 
that keeps the solid load suspended and supported in debris flows and 
prevents segregation? Naylor (1980) and Pierson (1981) have reviewed 
some of the proposed mechanisms and identify a number of possible 
support mechanisms. 
Cohesion (Johnson 1970; Hampton 1975,1979; Middleton and 
Hampton 1976; Rodine and Johnson 1976; Lowe 1976,1982) 
A static clay and water slurry-with a density of 1.17 
tonnes.m-3 can indefinitely suspend sand, and a slurry with a density of 
1.26 tonnes.m-3 can support coarse sand (Kuenen 1951). The importance of 
cohesive strength in supporting solid particles is thus constrained by 
the amount of clay present. Many debris flows contain less than 8 to 10% 
clay and so particles coarser than sand must be supported by other 
forces. Davies (1987) argues that this mechanism cannot operate in a 
moving flow as by definition a flowing fluid cannot simultaneously act 
as a solid. In the case of plug flow (Johnson 1970) where part of the 
i::·. 
i 
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flow is non-shearing, solids of excess density can only be supported by 
the strength of the material if all the flow material forms a rigid plug 
which is sliding (not flowing) along the underlying ground. 
Buoyancy (Johnson 1970; Hampton 1975,1979; Middleton and 
Hampton 1976) 
Buoyancy, in conjunction with cohesive strength,has been 
considered to be another major particle support mechanism in debris 
flows. Buoyancy is determined by the density difference between the 
submerged solids .and the fluid. Due to a density difference between 
particles (O'g = 2.65 tonnes.m-3) and fluid (p = 2.0 tonnes.m-3 say) the 
submerged specific gravity is given by (Costa 1984): 
(O'g - p)/O'g = submerged specific gravi ty .•...... 2.6 
(2.65-2.0)/2.65 = 0.25 
indicating that the submerged weight of a boulder in this debris flow is 
only about one quarter its dry weight. It can thus be argued that the 
strength-buoyancy mechanism could support about 75 to 90% of the 
particle weight in debris flows (Costa 1984). 
Excess pore pressure (Hampton 1979; Pierson 1981) 
An alternative, though related mechanism for the 
suspension competence of debris flows, is attributable to the excess 
pore pressures temporarily created when a block is 'suspended' in a 
liquid. If a clast is added to a fluid, at least part of its weight will 
be taken by the fluid by means of the buoyancy,and the fluid pressure, 
which Pierson (1981) terms the pore pressure,(p), will be increased in 
proportion to that part of the total load that is supported by the 
interstitial fluid. This increase occurs in addition to the hydrostatic 
pore pressure,(p~), and it can be termed the excess pore pressure,(p~), 
such that: ~ 
p .••••••...•..••..•.. 2.7 
Excess pore pressures, as defined above, are insufficient to support the 
total weight of clasts (Innes 1983; Davies 1987). The difficulty with 
this mechanism as pointed out by Davies (1987) lies in transferring a 
principle which is legitimate in a stationary slurry, to a flowing body. 
i 
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Structural support (Pierson 1981) 
Pierson (1981) argues that total particle support could 
occur if the excess pore pressures are combined with the cohesive 
strength of the fluid phase and grain to grain contacts. He showed 
experimentally that the latter process became important at sediment 
~6Iti~e ~on~eritiati6ri~ of 35 to 58%, sugge~ting th~t dtiring debris flow 
surges, dispersive processes were important whereas during more fluid 
phases of flow, static grain to grain contacts became important. Davies 
(1987) points out that this static mechanism, will not work in a 
shearing fluid. 
Turbulence 
Turbulence is the variation in direction and magni tude o.f 
velocity vectors with time and is acknowledged to be an important 
component of sediment entrainment and transport in water. The efficacy 
of turbulence in debris flows is questionable because of the high 
viscosity and cohesion, as well as the laminar appearance of most debris 
flows (Johnson 1970; Hampton 1972). Not all debris flows are laminar and 
Pierson (1980) found that high velocity debris flows were quite 
turbulent. In contrast, the debris flows that occur in the Jiangjia and 
Hunshui Gullies in China (Li et al. 1983) have high velocities but are 
laminar in appearance. 
Dispersive pressure (Hampton 1972; Carter 1975; 
Middleton and Hampton 1976; Davies 1985) 
Bagnold (1954) demonstrated that when a relatively high 
concentration of poorly sorted grains is sheared by flow, the larger 
grains tend to drift toward the free surface. This results from normal 
stress created by the dynamic interaction of soljd grains in a flowing 
medium. This stress is referred to as dispersive pressure (Pd) (Bagnold 
1954) and can be related to sediment grain size (D) and shear velocity 
gradient (du/dy): 
...:. 
.................... 2.8 
although this is applicable only in the inertial flow regime (Bagnold 
1954). He argued that smaller grains move towards the area of greatest 
shear whereas the larger particles move towards the area of least shear. 
Differing opinions exist as to the validity of this mechanism (Rodine 
1974; Naylor 1980) though some workers (e.g. Takahashi 1980,1981; 
i : <--,.' 
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Pierson 1981; Davies 1985) consider the mechanism important. Davies 
(1986) considered the case of grain interaction in a debris flow under 
viscous grain shearing conditions rather than inertial as in most other 
previous studies, and proposed a two part hypothesis to explain the 
behaviour of large debris flows. 
Kinetic sieving (Williams 1976) 
Kinetic sieving is the process by which small grains pass 
through the interstices between larger particles when agitated, thus 
displacing the larger particles upward (Williams 1976). This mechanism 
has been demonstrated for cohesionless, sand sized grains only (Naylor 
1980). Suwa et al. (1985) measured aspects of this process and 
demonstrated that large particles could move upwards under vibration. 
Combination mechanisms (Suwa et al. 1985) 
A combination of three mechanisms has been proposed to 
explain the inverse grading and size segregation of debris flow 
materials. The effects of dispersive pressure, kinetic sieving, and 
collisions with the bottom surface, promote inverse grading and 
suspension of large particles at the flow surface. 
"In dynamic or rapidly moving debris flows, structural support 
will not operate, and dispersive pressure and/or turbulence will occur 
in addition to buoyancy and cohesive strength. As the physical 
properties of debris flow vary, so will the relative importance of the 
various particle support mechanisms." - Costa (1984). 
"It is apparent that a variety of support mechanisms exist. These 
may all combine to produce the very high competence of debris flows, but 
estimates of their relative importance must, at present, remain 
essentially qualitative. This is obviously an area where further work is 
required although there are numerous problems in both the mathematical 
and physical modelling of the processes." - Innes (1983) 
Davies (1987) concludes that "more and better data on debris 
flows and on viscous grain shearing is required, from both field and 
laboratory work". Further, Iverson and Denlinger (1987) conclude that 
"more fundamental research on energy dissipation and transport in debris 
flows needs to be conducted before understanding is expanded beyond its 
current rudimentary level". 
2.3 RHEOLOGY OF CONCENTRATED SUSPENSIONS 
2.3.1 Introduction 
In this section the background to concentrated or dense 
suspension (Cheng 1980) rheology is outlined. The understanding of 
concentrated suspension rheology is developed by first examining dry 
granular flow, outlining the physical basis of viscosity of two-phase 
flow, and finally discussing the flow properties of sediment-water 
mixtures of which fresh concrete is a particularly well-known special 
case. This forms the basis for the subsequent section on debris flow 
rheology. 
2.3.2 Dry granular flow 
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Flow of dry granular materials is a special case of two-phase 
flow (grains in air). Visco~s effects due to the interstitial 'fluid' 
can be neglected in this case and the granular phase alone controls the 
behaviour ~f flows. Recent experiments on dry granular materials (Hungr 
and Morgenstern 1984; Savage and Sayed 1984; Hanes and Inman 1985) 
indicate the following general conclusions: 
1. The internal friction angle of various materials shows no 
systematic dependence on the shear rate ie. slow and rapid flow of 
m~terials follow the Coulomb equation with friction angles only slightly 
lower than the angle of repose. 
2. Fully developed flows tend to assume nearly linear vertical 
velocity profiles. 
3. Faster (probably not fully developed) flows exhibit 
substantial base slips approaching the condition of a plug flow. 
4. Grain flow material is thixotropic, changing its bulk 
properties in passing from a state of rest to motion. 
5. At low solids concentration « 50% Cv) stresses depend 
approximately linearly on particle density and quadratically upon 
particle diameter and shear rate, consistent with Bagnold's (1954) 
analysis of flows in the grain inertia regime. 
6. At higher concentrations, stresses show departures from a 
quadratic shear rate dependence. 
7. Hysteresis effects occur in which stresses are different 
during loading and unloading phases. 
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Savage and Sayed (1984) conclude that viscometric tests of dry 
particulates are plagued with difficulties of many kinds - "Depending 
upon the values of concentration, stress levels and shear rates, it is 
possible for the test results to be affected in one regime or another by 
gravitational forces, centrifugal forces, particle segregation, 
secondary flows, formation of free surfaces and air gaps, the formation 
of locked or rigid zones, finite particle size phenomena, "maturing" of 
individual samples during a test sequence, and transition from layered 
particle flows to more random motion". 
2.3.3 Physical basis of viscosity 
When a solid is dispersed in a fluid the viscosity is increased 
and the flow characteristics, if Newtonian to start with, might become 
non-Newtonian depending on the physical and chemical interactions that 
t~ke place between the various components. There are four main 
categories of interaction (Cheng 1980): 
1. Hydrodynamic interaction between the fluid and the dispersed 
solid particles, which gives rise to viscous dissipation in the fluid. 
2. Inter-particle attraction which promote~ the formation of 
flocs, aggregates, agglomerates, or structure. 
3. Inter-particle repulsion, which prevents the formation of 
flocs. 
4. Particle-particle contact, which brings into play frictional 
interactions. These interactions therefore relate to such basic 
properties as the particle size, shape and mechanical properties of the 
particles, physico-chemical interaction between the solid and fluid, 
fluid viscosity, etc .. The factors and their interplay have been 
summarised by Cheng (1980) and are indicated in Figures 2.3 & 2.4. 
From Figure 2.4 it can be seen that from low to medium particle 
concentrations, the importance of hydrodynamic interaction increases; 
from medium to high concentration, particle contact friction comes into 
play with increasing importance; and at very high concentration, 
particle contact effects can be considered to predominate over 
hydrodynamic effects. 
In a suspension of zero interparticle attraction, hydrodynamic 
interaction predominates at low to medium particle concentration. If the 
liquid is Newtonian, the suspension remains Newtonian. The viscosity 
increases at first linearly with concentration (Figure 2.4) but as the 
concentration becomes medium, the viscosity-concentration relationship 
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becomes non-linear, with the rate of increase in viscosity accelerating 
as concentration increases. As concentration increases from medium to 
high, non-Newtonian behaviour is obtained. The transition from Newtonian 
to non-Newtonian behaviour is not well understood or defined (Cheng 
1980) and is complicated by the fact that it is governed not only by 
concentration, but also by the shear rate. In general terms the shear 
rate at which non-Newtonian behaviour starts decreases as concentration 
increases. The detail of the onset of non-Newtonian behaviour is shown 
in Figure 2.5. 
As shear rate increases, the suspension first becomes shear 
thinning or pseudoplastic, and then shear thickens or becomes dilatant. 
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The pseudoplasticity decreases relative to dilatancy as concentration 
increases. Ultimately at very high concentrations, when particle contact 
interaction predominates over hydrodynamic interaction, the suspension 
is dilatant even at very low shear rates (Cheng 1980). 
However, Cheng and Richmond (1978) from their experimental 
results and an assessment of the literature indicated that the behaviour 
of very high solids mixtures was more complicated than just being 
dilatant. The term 'granulo-viscous' was used to describe these 
rheological phenomena (Cheng and Richmond 1978). 
Consider n9w the effect of interparticle attraction on suspension 
rheology in Figure 2.4. As interparticle attraction increases, the 
viscosity of the suspension increases as the dispersed solids form 
flocs, aggregates, agglomerates, or 'structure'. This brings'about shear 
thinning or pseudoplasticity, because the flocs etc. are shear sensitive 
and undergo structural breakdown and buildup. ~hen the attraction is 
low, the flocs are weak and break down easily but, as the attraction 
increases, the flocs become stronger and will retain some shear stress 
without breaking up. This imparts a yield stress on the suspension, 
which is now described as being viscoplastic. At higher concentrations 
with low to medium attraction, the suspension can be said to be plastic. 
By combining high solids concentration with low to medium attraction, 
the suspension would show some degree of granulo-viscosity. 
2.3.4 Rheology of sediment-water mixtures 
Large sediment concentrations alter the flow characteristics of 
water, and the resulting flows follow rheologic, not hydrodynamic, 
principles. The rheological behaviour of sediment-water mixtures can be 
either Newtonian or non-Newtonian depending on sediment concentration, 
sediment type, and particle size distribution. Most poorly sorted, 
naturally occurring mixtures are composed of a fluid phase of water and 
fines (clay and silt), and a granular phase of sand and gravel (Rodine 
1974; Hampton 1975; Pierson 1981). The clay and much of the silt are 
considered to be an intrinsic part of the fluid because they usually 
will not settle out of suspension during a natural flow event (Tan 1985; 
Davies 1986); sand and gravel, on the other hand, might or might not be 
carried in suspension by a particul~r flow. 
Sediment-water mixtures that have negligible amounts of silt and 
clay dispersed in the fluid phase appear to maintain Newtonian behaviour 
up to very high concentrations; as great as 50% by volume for mixtures 
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containing coarse particles of relatively uniform size (Howard 1965; 
Rodine 1974) or as great as 35% by volume for more poorly sorted 
sediment (Fei 1983)(see Table 2.3). With increasing amounts of silt 
and/or clay, sediment-water mixtures may acquire a yield strength. 
Mixtures that contain predominantly silt acquire a yield strength in the 
range of 30-35% volume concentration (Qian et al. 1980). Clay-rich 
mixtures may exhibit yield strength at volume concentrations as low as 
10% or less (Hampton 1975; Wan 1982; Yang and Zhao 1983). 
Methods of estimating fluid viscosity at high sediment concentrations 
depend on the rheological model chosen to describe the flow. A number of 
models relating shear stress and the rate of shear have been proposed; 
however, these models remain unverified except for limited ranges of 
conditions. 
Table 2.3 Observations of non-Newtonian flow behaviour at 
various volume concentrations. 
Cv% Sediment Viscometer Flow model Reference 
35 silt Not given Bingham Fei(1983) 
<21 kaolin Rotating Bingham Engelund & Wan(1984) 
<3 bentonite Rotating Bingham Engelund & Wan(1984) 
<32 sil t/clay Capillary Bingham or Dai Jilan et al(1980) 
Pseudoplastic 
<28 clay Stormer Bingham Caldwell & Babbitt 
sludge (1941) 
<15 kaolin Rotating Bingham Wan(1982) 
cylinder 
<3 bentonite " " Wan(1982) 
<30 "clays" Rotating Bingham Daido(1976) 
<30 kaolin Capillary Bingham Thomas(1963) 
<35 kaolin Brookfield Bingham Migniot(1968) 
<4 bentonite Stormer Bingham Bradley(1986) 
<3 kaolin Brookfield Bingham Michaels & Bolger 
& Hagan (1962) 
Investigations of sediment-water mixtures have generally involved 
concentrations of sediment at or below 30% by volume and f~w have 
investigated the rheological behaviour of mixtures at the volume 
concentrations normally found in debris flows (~ 50%). 
Most workers consider the Bingham model as the most appropriate 
rheological model for highly concentrated 'fine' sediment-in-water 
mixtures. 
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2.3.5 Rheology of fresh concrete 
Observations of debris flows (e.g. Sharp and Nobles 1953; Johnson 
1970; Pierson 1981; Costa 1984) indicate that debris flows are similar 
in appearance to flowing fresh concrete. It seems, therefore, that any 
attempt to explain the behaviour of debris flow materials might sensibly 
involve an examination of the rheology of fresh concrete mixes. 
Fresh concrete rheology has traditionally been divided into two 
components: 
1. the study of cement pastes and 
2. the study of fresh concrete as a whole. 
Considerable attention has been given to the study of cement pastes and 
the subsequent findings extrapolated to the full mix. Most workers have 
carried out investigations on high workability mixes, i.e. sloppy, high 
water:sediment mixes rather than stiffer mixes. The general concensus is 
that the behaviour of cement pastes closely follows the Bingham model 
(Tattersall 1971; Tattersall and Banfill 1983). 
The determination of the flow parameters for fresh concrete mixes 
has met with little success. Most workers have used concentric cylinder 
viscometers (Murata and Kikukawa 1973; Uzomaka 1974). The results 
obtained however, differ by several orders of magnitude (Tattersall 
1971; Murata & Kikukawa 1973; Moringa 1973; Uzomaka 1974; Sakuta et al. 
1979). The apparatus designs of many of the above studies have been 
criticised, and any attempt to reconcile the opposing requirements of 
large gap and small radius ratio would result in an apparatus that would 
be impracticably large. 
Bloomer (1979) and Tattersall and Banfill (1983) have calculated 
the details for the design of a viscometer that would be suitable for 
fresh concrete with a coarse aggregate size of 20 mm given the above 
considerations. The design indicates that a coaxial cylinder viscometer 
would need a bob radius and height of 1.0 m and a cup radius and height 
of 1.2 m. The volume of sample needed to fill the machine would be 
2.6 m3 ie. half a ready mixed truckload! (The cone and plate rheometer 
described later is able to test material of a maximum size much greater 
than 20 mm). 
Uzomaka (1974) has made an attempt to determine the inherent 
rheological properties of fresh concrete in fundamental units. His 
concentric cylinder viscometer was 16.0 cm in radius and 9.3 cm deep. He 
found that the mixes tested behaved as Bingham plastics up to speeds of 
26 rpm, their flow curves characterised by a lower curved portion and an 
i. 
i' 
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upper linear portion. 
Tattersall and Banfill (1983) indicate that Uzomaka's results for 
plastic viscosity are too high by a factor of four and that some of his 
conclusions could be explained by redistribution of particles within the 
intervane areas. 
Subsequent work designed to overcome these measurement 
difficulties has revolved around the mixer method and measurement of 
power requirements (Tattersall 1973). This has led to the development of 
the two point method (Tattersall 1973; Tattersall and Banfill 1983). 
Although this method is useful for concrete mix evaluation it is 
empirical and the rheological parameters cannot be determined directly 
in fundamental physical units. 
Studies of fresh concrete mixes (Ukraincik 1980) at both high and 
low shear rates indicate that the flow curves are complex and cannot be 
easily explained by a simple model. Tests showed that three shapes of 
flow curves appear, which display characteristic shear thinning 
(dilatancy) along the transition from the area of low shear to the area 
of high shear (Figure 2.6). All curves had a lower yield point which 
means that fresh concrete behaved like a solid within the limits of the 
observed composition. In a number of measurements, the torque at the 
lower yield point is higher than the torque at the first rotation speed, 
and this matches the ~-8 (8 is the shear strain) diagram in Figure 2.6 
(d), i.e. plastic flow after concrete loosening (Ukraincik 1980). 
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(= shear rate) 
Figure 2.6 Typ~s o~ flow curve for fresh concrete (simplified 
from Ukraincik 1980). 
At high shear some mixes showed shear thinning (c) or shear 
thickening (b). The upper yield point of fresh concrete approximated by 
the Bingham model (by extrapolating the results of measurement at higher 
rotation speeds) can be misleading. This yield point can substantially 
change the ratios of the basic rheological fresh concrete parameters 
approximated by the Bingham model. Ukraincik concludes that great 
changes in apparent viscosity occur at low and medium shear. The 
phenomena of shear thickening and thinning obtained on the flow curves 
can be partly explained as being due to shear-related volume change 
(positive or negative) and to the related changes in the fluid-phase-to-
pore-air ratio in fresh concrete. 
The significant difference between fresh concrete and debris flow 
material is that the fine component in the former is surface active and 
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chemical reactions change the physical properties of the mix with time. 
The other difference is that fresh concrete has a higher fines (cement) 
content. 
It seems then, that apart from the semi-empirical mixer method, 
no machine currently exists able to test.the flow properties of fresh 
concrete mixes and express these parameters directly in fundamental 
physical units. Consequently, it follows that no suitable machine is 
available to test coarse grained debris flow materials. 
2.4 RHEOLOGICAL MODELS OF DEBRIS FLOV 
2.4.1 Introduction 
A general model to describe the rheological properties of debris 
flows should possess two major parts: a time (or rate) independent part 
and a time (or rate) dependent part (Chen 1986a). The earliest such 
rheological model was formulated by Bagnold (1954) from rotating drum 
experiments on neutrally buoyant spherical grains. Further attention to 
explaining the rheological behaviour of debris flows was limited until 
Johnson (1965, 1970) published a summary of natural debris flow 
characteristics and outlined experiments on artificial clay slurries. 
Since 1980, attention to this topic has been considerable with 
development of models based on experiments such as sediment fall 
velocity (Bradley 1986), slurry competence (Pierson 1981) and on 
theoretical considerations of velocity distributions and continuum 
mechanics (Chen 1986a&b). 
2.4.2 Models 
Rheological models of debris flow may be conveniently grouped 
into two broad groups. Although some workers combine aspects of more 
than one group into their particular models, most models can be classed 
into either of the following groups. 
Strength-plastic-viscous models 
1. Coulomb-viscous model 
Johnson (1970) initially idealised debris flow behaviour 
to follow Coulomb's law as described for soil deformation in the 
engineering sense. However, this conceptual model was modified to 
I,',·· -
I , 
include a viscous term (a constant viscosity coefficient) because the 
observed morphological features of debris flows, notably thickness of 
flow, were at variance with the original model. 
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In the Coulomb-viscous model resistance to flow (or deformation) 
of debris flows results from (a) shear strength resulting from cohesion 
and internal friction and (b) viscosity. 
't = c + a tan 4> + l'l du/dy . • • • . . . . . . • • . . . . . • .. 2.9 
where c is cohesion; a is the normal stress; and 4> is the angle of 
internal friction. ,The model predicts a central 'raft' or 'plug' of 
rigid debris moving at a uniform velocity, and it predicts that the 
velocity of the adjacent material decreases parabolically outward from 
the edges of the 'raft' to the channel margins. 
2. Bingham model 
Modification of the Coulomb-viscous model by simplifying 
the term (c + a tan 4» , a measure of the shear strength, in the 
Coulomb-viscous model leads to the Bingham model (Johnson 1970). Both 
models have similar velocity distributions and predict a central plug. 
These distributions have been verified by experimental flows (Johnson 
1965; Johnson and Hampton 1969; Hampton 1972). 
The term (c + a tan 4» in the Coulomb-viscous model represents 
the shear strength of the debris flow (k) and so the model can also be 
represented by the Bingham model. 
't = k + l'lb (du/dy) . ............. , ..... 2.10 
where k is the shear strength and l'lb is the Bingham viscosity. 
The difference between the Coulomb-viscous model and the Bingham 
model is that the yield strength (k) is constant in the Bingham model 
but varies with a i.e. flow depth in the Coulomb-viscous model. 
Considerable attention has been given to the Bingham model by 
various workers (Costa and Jarrett 1981; Fink et al. 1981; Lowe 1982; 
Mansfield 1985). The Chinese, in particular, use the Bingham plastic 
fluid model to simulate laminar hyperconcentrated or debris flows (Qian 
et al. 1980; Dai et al. 1980; Chu 1980, 1983; Kang and Zhang 1980, 1984; 
Fei 1981, 1983; Yu 1981a&b; Li and Luo 1981; Li et al. 1983; Shen and 
Xie 1985; Zhang et al. 1985). 
i ~: . . 
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3.Modified Coulomb-viscous model 
Johnson (1984) in considering work on the time dependent 
flow properties of granular solids (McTigue 1979, 1982; Savage 1979, 
1983) combined the earlier Coulomb-viscous model with McTigue's (1979) 
model of the stresses in a flowing dry granular solid and suggested a 
model for debris flows which is largely empirical. Johnson (1984) states 
"we have not considered properly the interaction of the fluid and solid 
phases of debris, so we merely use our judgement to guess the form of 
the equation". He goes on to argue that this combined Coulomb-viscous 
model can explain the observed migration of coarse clasts to the channel 
axis and the tendency of channelised debris flows to have an arched 
surface. Neither of these" two phenomena could be explained by means of 
the generalised Coulomb~viscous model (Johnson 1965, 1970). 
4. Generalised viscoplastic model 
Chen (1983, 1985, 1986) developed a three dimensional 
generalised viscoplastic model which contains a plasticity term, a 
viscosity term, and a normal-stress effect term. He shows that including 
the normal-stress versus shear-rate relation in the present form of the 
Bingham model, in addition to the conventional shear stress versus shear 
rate relation, increases the adaptability of the Bingham model to debris 
flow modelling. 
Grain dispersive or dilatant models 
1. Dilatant fluid model 
Based on the experimental work of Bagnold (1954) in which 
the concept of dispersive pressure was postulated, several workers have 
modelled debris flows as dilatant fluids (Carter 1975; Takahashi 1978, 
1980, 1981; Chu 1982; Tsubaki et ale 1982; Chen 1983, 1985, 1986; Davies 
1985, 1986). 
Using Bagnold's concept of dispersive pressure, the shear stress 
of debris flows is 
............... ..... 2.11 
where ~ is shear stress; Pd is dispersive pressure; and ~ is the 
dynamic 
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angle of internal friction. 
Chen (1985), finding inconsistencies in Bagnold's model, 
suggests that only formation of debris flows without many fine particles 
can be realistically simulated using a dilatant fluid model. 
2. Dilatant plastic fluid model 
Extension of the dilatant model by incorporation of a 
yield stress has been favoured by O'Brien and Julien (1984) and Davies 
(1985, 1986). A dilatant plastic has a rheology quite similar to that of 
a Bingham plastic (Davies 1986). It exhibits solid behaviour at a linear 
grain concentration greater than A = 22; Newtonian behaviour when A < 
14 and between A = 14 and 22 the grain body behaves as a non-Newtonian 
fluid, with viscosity (shear stress divided by velocity gradient) 
decreasing with grain concentration (Bagnold 1954). Instead of a linear 
relationship (Bingham model) the flow curve is slightly shear thickening 
(concave towards the shear stress axis). Figure 2 of Davies (1986) shows 
granular behaviour at A ~ 22. He uses this in conjunction with Engelund 
and Wan's (1984) findings on clay slurries to help explain pulsing in 
debris flows by halting of grain flow by solid friction and subsequent 
remobilisation of grains due to flow build-up behind them. 
2.5 MEASUREMENT OF RHEOLOGICAL PARAMETERS OF DEBRIS FLOV MATERIALS 
In order to apply any rheological model to the study of debris 
flows and their deposits we must be able to measure the parameters which 
govern the constitutive equation chosen. The determination of both rate 
dependent and rate independent parameters has so far met with limited 
success. Broadly, the methods employed fall into two categories: field 
based methods and laboratory determinations. 
2.5.1 Field methods 
Determinations of rheological parameters are obtained either by 
examination of debris flow deposits or by observation of the flow 
itself. The latter is the least likely method because debris flows are 
rarely observed. 
Apparent shear strength (k) (Bingham material) can be calculated 
from debris flow deposits by the following methods (after Johnson 1984): 
1. critical thickness - parameters are determined from thickness 
of the deposit, slope of the deposit, and the unit weight of 
reconstituted debris. 
2. critical channel dimensions - relates the dimensions of the 
'plugged' channel to the slope of the channel. 
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3. size of unusually large clasts in the flow - relates size of 
boUlder, density difference between the boUlder'and the debris~ and the 
degree to which the boulder is submerged in the flow~ 
One of the important problems of determining the shear strength k 
of debris in the fluid is that the determination cannot accurately 
incorporate effects of internal friction of the debris. However,a 
combination of methods allows the estimation of both apparent friction 
and apparent cohesion of the debris (Johnson 1984). Johnson (1984) 
points out that " in most field situations it will be possible to 
estimate only the shear' strength k which implicitly incorporates effects 
of both friction and cohesion". 
Measurement of rheological parameters from moving flows involves 
measuring the velocity distribution. This method allows computation of 
shear strength k, coefficient of Bingham viscosity ~b' and flow rate for 
moving channelised flows (Johnson 1984). The method relies on estimating 
the mean velocity of debris flow by observing the tilt or super-
elevation of a flow as it goes around a bend in the channel. 
2.5.2 Laboratory methods 
The determination of strength and flow properties from remoulded 
none debris flow material has been attempted with a variety of methods, 
of which appear to be suitable for measuring the parameters of the 
complete flow materials. Penetrometers (Rebinder 1967 reported in 
JOhnson 1984; Johnson 1970); vane testers (Lawson 1982); visC'.ometers 
(fine grained slurry component only) (Qian and Wang 1984; Li et al. 
1983) and mudflow deposits (O'Brien 1986); sl~rry competence (Pierson 
1981); and sediment particle fall velocity (Simons and Richardson 1966; 
Bradley 1986) have all been tried. Methods other than the use of 
viscometers give an estimate only of the static strength (yield 
strength) of the material. While the use of viscometers has so far been 
limited to the fine component of debris flow materials (for obvious 
reasons~determinations for fine grained mudflows (debris flows) are 
possible (O'Brien 1986). 
Table 2.4 lists the rheological parameters calculated or measured 
from observed debris flows and/or their materials. 
, 
I::: ...... . 
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Most techniques are limited to specific operating conditions, are 
often governed by the test material size, and are generally empirical. 
Table 2.4 Rheological parameters measured or calculated 
from observed debris flows and/or their materials. 
Location Rheological parameters Reference 
Jiangjia Ravine 
China 
Hunshui Gully 
China 
II 150 Pa.s Li et ale (1983) 
~ 200-300 Pa 
llr = 2-3 Pa. s 
II = 1.5-2.0 Pa.s Li and Luo (1981) 
~ 0.3-0.5 Pa 
llfu = 0.01-0.06 Pa.s 
~B = 5-20 Pa 
Zhang et ale 
(1985) 
Vrightwood Canyon 
U.S.A. 
Pine Creek Mt St Helens 
U.S.A. 
Mayflower Gulch 
U.S.A. 
Dragon Creek 
U.S.A. 
Bullock Creek 
New Zealand 
Veihe River 
CQina 
118 = 40-100 Pa.s 
llN 10-6000 Pa.s 
210-600. Pa.s 
20-320 Pa.s 
400-1000 Pa 
3000 Pa.s 
2780 Pa.s 
210-810 Pa.s 
19-71 Pa 
1300-2400 Pa 
51 Pa 
~ = shear strength of material 
~8 = Bingham yield strength 
r = remoulded sample 
Morton and 
Campbell (1974) 
Sharp and 
Nobles (1953) 
Fink et ale (1981) 
Curry (1966) 
Cooley et ale 
(1977 ) 
Pierson (1981) 
Shen and Xie 
(1985) 
tl = viscosity 
llN = Newtonian viscosity 
llB = Bingham viscosity 
1-:-;-:-:-:-;-;-'-
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2.6 SUMMARY 
From the preceding discussion it is apparent that some conflict 
of opinion exists in the literature as to which rheological model best 
describes debris flow behaviour. More information is needed on the 
behaviour of debris flow materials before any rational assessment of 
debris flow models is undertaken. This problem seems to demand the 
definition of inherent rheological properties of debris flow materials 
in fundamental physical units. 
Cheng (1980) concludes that "although we understand quite a lot 
about the basic physics and chemistry of suspension rheology we are not 
yet in a position to predict suspension behaviour from first principles 
and a knowledge of the composition of the material. However the detailed 
knowledge does paint a qualitative picture which enables us to put up 
generalised viscosity-concentration equations and generalised flow 
curves which can be made progressively more complex in a systematic way 
as and when experimental results so require". 
Experimental data, then, may form the basis for a theoretically 
based constitutive equation, it may be correlated with an existing 
equation or model, or it may be interpolated or used to study the 
behaviour of materials and to understand the particulate processes that 
occur in a suspension. 
Of the more traditional reasons for undertaking rheological 
research, the latter has most relevance to this study. By attempting to 
measure the rheological parameters of debris flow materials in 
fundamental physical units, analysis of debris flow behaviour may 
eventually become possible. 
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CHAPTER 3 
RBEOHETRIC CONCEPTS AND DESIGN CONSIDERATIONS 
3.1 MATERIAL DESCRIPTION AND MACHINE REQUIREMENTS 
3.1.1 Physical characteristics of debris flow materials 
The infrequent occurrence of debris flows has meant that 
quantitative data from debris flows have generally been sparse. Debris 
flow materials vary widely, but generally include poorly sorted 
sediments, a wide range of size classes, low clay contents « 10%), high 
solids concentrations (up to 90% by weight), low water contents « 30% 
by weight), high bulk densities (> 1.8 tonnes.m-3), high viscosities, 
and some fluid strength. 
Textural characteristics of observed debris flows are summarised 
in Table 3.1. If the physical constituents of debris flows are plotted 
on ternary graph paper with the apices represented by "fines" (5 63 p), 
"coarse" (~ 63 p), and water, debris flows plot in a small zone. Using 
the nomenclature of Pierson and Scott (1985) and Pierson (1985a) for 
lahar dilution - i.e. debris flow Cw > 75%; transitional flow 70% < Cw < 
75%; and streamflow (hyperconcentrated) Cw < 70% (where Cw is the 
concentration of solids by weight), data from reported debris flows plot 
into distinct zones (Figure 3.1). Similar patterns are observed if the 
grain size envelopes of different flows are compared (Pierson and Scott 
1985). As one might expect, debris flows contain more coarse material 
than either transitional or hyperconcentrated streamflows. Similarly 
Fclk grain size parameters (Folk 1968) for debris flows are 
significantly different from those of flows of the other two forms 
(Pierson and Scott 1985). 
33 
Table 3.1 Textural chracteristics of observed debris flows. 
"_-,.~c.,<,, ::7;~;: 
Location Solids Sand & Silt & Bulk Reference 
(Cw %) Gravel Clay density 
(%) (%) (tonnes.m-3) 
Jiangjia Ravine 85-89 85 15 2.30 Li et al. (1983) 
Rio Reventado 20-79 70 30 1.13-1.98 Waldron (1967) 
.~ .~c ___ ~_-.' 
Canberra 87 13 Wasson (1978) 
Buzau 
Subcarpathians 50-60 40-50 Balteanu (1976) 
Glendora 91-98 2-9 Scott (1971) 
Wildwood and 
Heath Creek 72-75 25-28 Scott (1978) 
Steele Creek 65 35 Broscoe and 
Thompson (1969) 
Hunshui Gully 80-85 94-97 3-6 2.0-2.3 Li and Luo (1981) 
Wrightwood 60-86 1.62-2.13 Morton and 
Campbell (1974) 
Hunshui Gully 48-75 89.5 10.5 1.80-2.24 Zhang et al. 
(1985) 
Mt St Helens 97 3 Fink et al. (1981) 
Bullock Creek 77-84 90 10 1.95-2.13 Pierson (1981) 
Heath Canyon 90 10 Rodine (1974) 
Wrightwood 70-85 85 9-20 2.40 Sharp and 
Nobles (1953) 
, 
, ~ .. !: .. 
Mt St Helens 83-91 90 10 2.06-2.28 Pierson (1985a) 
'"' Japan 65-90 1.5-2.0 Suwa and 
Okuda (1985) 
Rudd Canyon 80-88 80-83 17-20 Pierson (1985) 
WATER 
100% 
1 3 citttt,,"'tD 
DEBRIS FLOW 
RIGID 
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~~------------------------~------------------------~100% 
50% COARSE 
> 63JJ 
1 Toutle River, lahar dilution, U.S.A. - Pierson and Scott (1985) 
2 Rio Reventado, Colombia - Waldron (1967) 
3 Rudd Canyon, U.S.A. - Pierson (1985) 
4 Rudd Canyon, U.S.A. - Pierson (1985) 
5 Rudd Canyon, U.S.A. - Pierson (1985) 
. ~6 Wrightwood Canyon, U.S.A. - Sharp and Nobles (1953) 
7 Bullock Creek, New Zealand - Pierson (1980) 
8 Toutle River, U.S.A. - Pierson and Scott (1985) 
9 Hunshui Gully, China - Zha~g et ale (1985) and Li and Luo (1981) 
10 Jiangjia Ravine, China - Li et ale (1983) 
11 Wrightwood Canyon, U.S.A. - Morton and Campbell (1974) 
12 Steele Creek, U.S.A. - Broscoe and Thomson (1969) 
13 Buzau Subcarpathians, Czechoslovakia - Balteanu (1976) 
Figure 3.1 Ternary diagram of textural components and water 
for observed debris flows. 
~ . ' . .. --
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3.1.2 Shear rates of natural debris flows 
For obvious reasons few, if any, studies on debris flows have 
involved investigating the rates of shear within the moving flow. 
Surface velocity profiles have been observed and measured, both in 
actual debris flows and in artificial flume studies (Johnson 1970; 
Pierson 1985a). Measurements of vertical velocity profiles have been 
less successful and most profile determinations relate to the choice of 
rheological model chosen to describe the flow. However, it is possible 
to derive a mean value for the shear rate within the flow if the mean 
surface velocity is divided by the mean flow depth. Although somewhat 
crude, the results obtained by this method are remarkably consistent for 
debris flows where velocity/depth data have been reported (Figure 3.2). 
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Velocity/depth data for observed debris flows. 
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1 Jiangjia Ravine, China - Li et al. (1983) 
2 Jiangjia Ravine, China - Zhang et al. (1985) 
3 Nojiri River, Japan - Watanabe and Ikeya (1981) 
4 Hunshui Gully, China - Li and Luo (1981) and Zhang et al. (1985) 
5 Mt. Sakurajima, Japan - Watanabe and Hiroshi (1981) 
6 Pine Creek, U.S.A. - Pierson (1985) 
7 Kamikamihori Fan, Japan - Mizuyama and Uehara (1980) 
8 Noziri River, Japan - Mizuyama and Uehara (1980) 
9 Nameri River, Japan - Mizuyama and Uehara (1980) 
10 Noziri River, Japan - Mizuyama and Uehara (1980) 
11 Rio Reventado, Colombia - Waldron (1967) 
12 Bulloc~ Creek, New Zealand - Pierson (1980) 
13 Toutle River, U.S.A. - Pierson and Scott (1985) 
14 Dragon Creek, U.S.A. - Cooley et al. (1977) 
15 Almatinka River, U.S.S.R. - Niyazov and Degovets (1975) 
16 Rudd Canyon, U.S.A. - Pierson (1985) 
17 Hindu Kush, Pakistan - Wasson (1978) 
18 Mayflower Gulch, U.S.A. - Curry (1966) 
19 Wrightwood Canyon, U.S.A. - Sharp and Nobles (1953) 
20 Mt. Yakedake, Japan - Mizuyama and Uehara (1980) 
21 Matunuska Glacier~ U.S.A. - Lawson (1982) .............................. 
The surprising feature is that mean shear rates are low; 
generally less than 10 s-l and most less than 5 s-l. The boundaries 
illustrated in Figure 3.2 indicate that shear rates for debris flows 
based on this velocity/depth calculation do not lie outside the range 1 
- 10 s-l. O'Brien (1986) also indicates that shear rates occurring in 
field conditions are low « 20 S-I). Obviously there exist regions of 
high shear close to the bed and lateral margins but these are extremely 
difficult, if not impossible, to measure. Rickenmann (reported in Davies 
1986) has shown that for laminar open channel flow, integration of the 
Bingham flow equation gives 
du/dy 3v/h .................. .. 3.1 
where v is velocity and h is depth of flow. 
This method gives a shear rate 3 times that obtained by the 
method outlined above but makes the assumption that the material follows 
the Bingham rheological model of flow. 
3.1.3 Limitations and summary of requirements 
The requirements of any apparatus capable of measuring the 
rheological flow parameters must include consideration of particle size, 
ability to reproduce natural shear rates or shear the material at 
realistic rates, and be able to produce accurate, and reproducible 
I:: 
I 
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results. 
Limitations to machine design and manufacture, and hence likely 
results, include; consideration of the largest acceptable particle size, 
finance, time, and availability of experimental materials (not all 
debris flow materials can be tested). 
3.2 VISCOMETER TYPES 
3.2.1 Background 
The absolute measurement of viscosity depends on the accurate 
measurement of shear stress and shear rate. Practical instrumentation 
involves methods of moving fluids and measuring the resulting force, or 
using a motive force and measuring the resulting flow. In both cases 
mathematical analyses are used to relate forces and flows to values of 
shear stress and shear rate. 
A single viscosity coefficient is sufficient to determine the 
behaviour of incompressible Newtonian fluids under any conditions of 
motion and stress. The measurement of this coefficient involves the use 
of a viscometer. The viscosity of non-Newtonian fluids is shear rate 
dependent and the viscometer is therefore inadequate to characterize the 
behaviour of these materials and has to be replaced by a rheometer 
(Walters 1975). In common terminology, however, the variable-shear rate 
rheometer is often called a viscometer. 
3.2.2 Classification of viscometers 
It is convenient to classify viscometers according to the type of 
physical measurement employed. 
1. Measurement of the rate of flow of a fluid in a capillary or 
tube. 
2. The rate of motion of a solid through the sample fluid. 
3. Rotational viscometers. 
(a) measurement of the torsional couple on a suspended solid 
element due to the viscous force transmitted through the 
subject medium by a second element in motion. 
(b) measurement of the rotational velocity of a cylinder or 
similar element immersed in the fluid. 
(c) measurement of the reaction torque due to viscous 
traction on a solid element rotating at a known rate in 
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the fluid. 
4. Measurement of the damping of a vibrating element immersed in 
the fluid .. 
3.2.3 Theory of Rotational Viscometry 
A rotating body, immersed in a liquid, experiences a viscous drag 
or retarding force which is a function of the speed of rotation of the 
body. In using the viscosity equations, it makes no difference whether 
the body or the container is rotated. The relationship between rate of 
shear and shearing stress is the same. The chief advantage of rotational 
viscometric procedures is that continuous measurements at a given rate 
of shear or shear stress may be made for extended periods of time. 
Common rotational viscometers 
1. Concentric cylinder viscometer 
The sample fluid is contained between two coaxial 
cylinders (Figure 3.3(a», either of which may be rotated by a motor; 
the other cylinder is suspended elastically in such a way that the 
torsional couple can be measured. 
Figure 3.3 
(.) 
Torque 
RI Ro 
(b) 
Common rotational viscometers 
(a) Concentric (coaxial) cylinders viscometer 
(b) Cone-and-plate. 
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2. Cone and plate viscometers 
Weissenberg (1948) and Higginbotham (1950) developed the 
cone-and-plate viscometerl rheogoniometer from the coni-cylindrical 
design of Mooney and Ewart (1934). The essential elements of the cone-
and-plate viscometer are shown in Figure 3.3(b) The sample is contained 
in the narrow gap between the cone and the plate. The rate of shear at 
any radius r is given by the ratio of linear velocity oor to the gap 
width h ; since both these quantities are proportional to the radial 
distance, the shear rate is constant throughout the entire measured 
sample, each concentric annular element of fluid being sheared at the 
same rate as the adjacent elements. 
For small cone-plate angles (9) the shear rate D 
(oor)/h reduces to D = 00/9 since h = r tan 9 and tan 9 approx. 
small 9. The shear stress L is given by 
9 for 
3T/(2nr 3) ...............•.... 3.2 
where T is the torque on the cone and r is the cone radius. Hence the 
viscosity is given by the ratio 
(3T12nr 3)/( 0019) .................... 3.3 
(equations from Ferranti Instrument Manual, McKennel 1960) 
3.3 INSTRUMENT DESIGN 
3.3.1 System selection 
~ For the purposes of this study a 2.0 m diameter, inverted 30° 
cone-and-plate system was chosen, because: 
1. The size and concentration of particles found in debris 
flow material (eg 100 mm plus for Mt. Thomas) precluded use of capillary 
tube type, concentric cylinder (see Chapter 2, page 22), falling sphere, 
or other systems which can generally only accomodate homogenous 
materials. 
2. The shear rate is constant with respect to radius and hence 
throughout the sample, provided some assumptions are made (see later 
this chapter). 
3. Sample loading and removal is generally considered easier in a 
cone-and-plate system (eg McKennel 1960). 
c· 
t~:--:-:~=:~:'":~:: 
4. Edge and end effects are less pronounced (or eliminated) 
compared to coaxial cylinder configurations. 
5. It was desired to keep Reynolds' number low and flow within 
the laminar flow regime. 
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Reynolds' numbers calculated for Mt Thomas debris flows (Pierson 
1981) range from 10 to 100, but for viscous laminar debris "flow was 30 
(Pierson 1981, his Figure 2b). To maintain similar Reynold's numbers 
rotational speeds would have to be in the order of 130 to 180 rpm. 
Clearly design, "safety, and economic considerations precluded this 
rotational range and it was felt that reproduction of shear tate was 
more important than trying to reproduce exact Reynolds' numbers. Though 
the Reynolds' numbers are less at these lower rotational speeds they 
still lie within the laminar flow regime. 
The standard configuration of a cone or plate spinning with the 
sample held in the gap betwe~n the two and the torsional couple on the 
non-moving element measured was altered from that shown in Figure 3.3(b) 
to that shown in Figure 3.4. 
Fixed annuli = Plate 
I 
Sample 
Clear sides 
Bowl = inverted 30· cone 
Drive pulley 
Figure 3.4 Modified cone-and-plate system. 
f-·"· 
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A cylinder with a cone shaped sloping floor is rotated relative 
to a stationary cover plate capable of being raised or lowered on to the 
sample held in the container. The reaction torque due to viscous 
traction is measured on a concentric annulus (part of the plate). 
T ] 2nr',dr · . . . . . . . . . . . . . . . . . •. 3.4 
= 213 (R3_ r 3)"t · ................... 3.5 
since "t = tw 
and y = rCA> I r tan e 
then T · ................... 3.6 
hence II = f(T I (0) 
Assumptions involved: 
1. ap I ay = 0 ie no gravity or strong pressure 
gradient in fluid 
2. no secondary flows 
3. a uni-directional approximation to velocity 
profile (II plate) 
4. Newtonian flow 
5. no slip at boundaries 
6. fluid is incompressible 
7. flow is laminar. 
3.3.2 Prototype and model rheometers 
In order to test the effectiveness of the prototype cone-and-
plate rheometer in measuring rheological properties of debris flow 
materials, a 1:5 geometric scale model was constructed (40 cm in 
diameter). To enable flow visualisation experiments to be carried out 
the model rheometer was constructed with polyacetate walls and a clear 
perspex top. 
Reynolds' number similarity between prototype and model is 
obtained if the angular velocity of the model is 25 times that of the 
prototype. A shear rate of 0-5 s-l was required for the full scale 
,~.~ .. -.-..~ '.' 
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prototype equating to an operating speed range of 0-30 rpm. The 
corresponding speed range for the model is the same, due to constant 
shear rate with radius if the cone angles are the same. Since 
construction costs were likely to be much less for the model a speed 
range of 0-120 rpm was selected, partly for ease of operation, and 
partly to aid the investigation into the behaviour of test materials 
outside the speed range that could be obtained in the full scale 
prototype. Time dependent effects observed in the model, however, would 
take 25 times longer to manifest themselves in the prototype to preserve 
Reynolds' number similarity. As the materials to be used in experiments 
are not considered highly thixotropic, time dependent effects are 
considered to be less important than rate dependent effects. 
3.3.3 Construction and function 
Design details and drawings are given in Appendix I. 
Model 
In the model the bowl is driven by either frictional 
drive on the rim or via pulley and belt from a hydraulic motor. Variable 
speed is obtained in the former by raising or lowering a cone attached 
to the shaft of an AC electric motor and in the latter by adjusting the 
hydraulic flow rate in the motor. Speed is measured by a tachometer 
reading 10 pulses per revolution giving a readout to 0.1 rpm. Reaction 
torque due to viscous traction on the middle annulus is measured by 
means of a line or wire attached to the annulus running over a pulley 
and connected to the under side of a Sartorious pan balance (Figure 
3~5). Dispersive stress is detected when the measuring annulus is forced 
upwards relative to the inner and outer annuli. This stress is measured 
by observing the deflection of a dial gauge set in a proving ring. 
Prototype 
The full scale machine is driven hydraulically through a 
reduction gear box onto chain and gears (Figure 3.6). Reaction torque 
due to viscous traction on the middle annulus is measured by way of a 
500 kg load cell attached to a mechanical mUltiplying arm (3X) and 
connected to a data logger. Speed is measured in the same manner as for 
the model. 
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Figure 3.5 Photograph of the model rheometer. 
Figure 3.6 Photograph of the full scale prototype. 
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3.4 MEASUREMENT ERRORS AND THE USE OF VISCOSITY TESTERS 
3.4.1 General 
Absolute measurement of viscosity (refer to section 3.2.1) is 
difficult to achieve in practice for a variety of reasons. Firstly, both 
shear rate and shear stress must be established accurately from measured 
physical parameters related to theoretical principles. There are a 
variety of reasons why such measurements are prone to error: 
1. dimensional and alignment errors of measuring elements 
2. end, edge, and wall effects 
3. nonlinear torque or force measuring systems 
4. poor temperature control 
5. material problems 
(a) secondary flow/turbulent flow effects 
(b) viscous heating effects at higher viscosities 
(c) measurement technique unsuitable for large 
particles 
(d) settling, phase separation, fracture, wall slip 
effects 
(e) erosion, corrosion, deposition on material 
surfaces 
(f) sampling'errors which may make the validity of 
any measurement questionable. 
The combined result of all these errors is that it is very 
difficult to achieve absolute measurements. Notwithstanding the 
necessary assumptions, the errors one might encounter during 
experimental procedure, and the fact that viscosity measurements are 
apparent and not absolute, experimental procedures based on suitable 
theory (including assumptions that may be real or not) are still 
necessary from which to build up an understanding of processes and 
system dynamics. 
3.4.2 Errors associated with the model rheometer 
The error in determining the apparent viscosity is a function of 
the errors in measurement of speed (rpm) and torque. Constant or 
systematic errors include errors associated with measurement of the 
model rheometer dimensions and inherent errors in both the torque 
measuring device and the tachometer. Random or observer errors include 
I 
i 
i 
I· 
i· 
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speed setting adjustment, averaging of torque values, sample preparation 
and sample loading, and bearing or seal friction. The expected error in 
determining ~ is a function of the two random errors, torque and rpm. 
It was found that rpm could be stabilised to ±1 rpm or less and 
depending on the fluid being tested the balance reading might be ±1 g 
over a range of 10-100 g. Yith very viscous fluids similar percentage 
errors for torque measurement were obtained (i.e. ~ ±100 at 1000 g). 
So, for a balance reading of 14 g at 10rpm the error in ~ is 
~±z = Balance reading ± x where x is error in balance reading 
rpm ± y Y is error in speed 
z = ±17% z is error in de termining ~ 
At 80 rpm and with a balance reading of 100 g the error in ~ is ±2%. 
The combined result of these errors, and observation from 
preliminary experiments; indicates that for most situations the error in 
estimation of the apparent viscosity is less than 10%, except for the 
lowest speed settings. The total error is largely due to the limited 
prescision of torque measurement especially at low rotation speeds for 
very thin fluids. Speed selection could be held to within ±1 rpm thus 
giving a maximum error of 10% for the lowest speed setting of 10 rpm. 
Errors associated with the prototype machine 
The errors associated with the full scale prototype 
rheometer are, like the small rheometer, functions of speed (rpm) and 
torque. Constant or systematic errors include machine dimensions and 
inherent errors associated with the load cells and the tachometer. 
Random errors include speed setting adjustment, sample preparation and 
loading, and bearing friction as grains jam in the annular seals. 
The errors associated with the load cells are expected to be 
minor as calibrations for the two load cells used give r2 values greater 
than 0.99. Speed variation was kept to about ±3 rpm at the drive gear 
measured by the tachometer which relates to about ±1 rpm for the 
machine bowl (a 1:3 reduction in the final drive). So, as for the model, 
the greatest error occurs at the lowest speed settin~. 
I·'···· 
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CHAPTER 4 
PRELIMINARY EXPERIMENTS AND MACHINE EVALUATION 
The objectives of this section were to investigate the 
behavioural characteristics of the model rheometer and compare results 
obtained from the model with those from conventional viscometers. The 
materials tested were 'fluid-only' fluids i.e. no grains were involved. 
4.1 METHODS 
Most of the preliminary experiments were carried out using 
aqueous solutions of "Polycell" cellulose paste (sodium carboxy methyl 
cellulose-CMC) mixed at various concentrations in tap water. 
Concentrations used were 0.5%, 1.0%, and 2.0% by weight. A total of 23 
-experiments was conducted, some involving replicates and most involving 
both run up and run down determinations of torque. 
The experimental procedure was as follows: 
1. load sample into bowl 
2. place and secure the lid to outer supports 
3. invert outer seal 
4. top up with sample fluid 
5. start motor and take readings of torque and speed until the 
maximum speed is reached; repeat back to minimum speed in some cases. 
6. check fluid level and check balance reading returned to zero. 
4.2 RHEOLOGY OF FLUIDS - RESULTS 
4.2.1 Viscosity and flow curves 
Viscometric determinations on tap water indicated that the model 
rheometer was not sensitive enough to measure the torque transmitted by 
such 'thin' fluids; bearing friction and poor resolution of torque 
readings were the principal contributors. 
Experiments using CMC solutions indicated several general trends: 
(a) Increase in apparent viscosity and shear stress with 
increasing concentration. 
As one might expect, an increase in CMC concentration causes an increase 
in apparent viscosity and in shear stress (Figures 4.1 a&b). 
. I 
- I 
Flow curves (Figure 4.1(a» are near-Newtonian but are best 
described as slightly shear thinning (plastic behaviour is more 
noticeable at higher concentrations). At higher concentrations, the 
solutions are best descrJbed as pseudopl~stic of the power law type 
(Tattersall and Banfill 1983). 
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Figure 4.1 (b) Apparent viscosity functions for CHC solutions. 
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(b) Viscosity dependence on temperature. 
Solutions of the same 'age' and concentration, but higher temperature, 
have lower apparent viscosities and shear stress values at given shear 
rates than solutions of lower temperatures (Figure 4.2). 
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Figure 4.2 
SHEAR RATE (a-') 
Flow curves for CHC solutions showing temperature 
effect. 
(a) 1.0% CHC 
(b) 0.5% CHC 
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(c) 'Ageing' or stuctural breakdown 
The cellulose molecules in the CMC solutions suffer bacterial decay with 
time and the structural character of the fluid is broken down allowing 
flow at lower shear rates (i.e. lower torque readings for older 
materials). This effect is illustrated in Figure 4.3 and has also been 
described by Tattersall and Banfill (1983 - their Figure 4.14). 
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(d) Up and down curves 
Some experiments were carried out with both run up and run down 
measurements of torque. In all cases the up and down curves coincide 
within the limits of precision of the rheometer and the acceptable 
errors of measurement (Figure 4.4). Departures were generally at higher 
concentrations and at low shear rates (low speeds) where error limits 
are greater. 
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Figure 4.4 Up and down flow curves for 1.0% CKC solution. 
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4.2.2 Repeatability 
Experiments on fluids of the same concentration at different 
times produced results within the acceptable error limits. Factors which 
affect the flow curve as outlined in the previous section mean that a 
unique flow curve for the material is very hard to obtain under a wide 
range of conditions. However, a mean curve or a flow band (Cheng 1978) 
can be used to show the behaviour of the fluid under a given range of 
conditions. 
4.2.3 Comparison with other viscometers 
Comparison of model rheometer results with other instruments were 
obtained using two viscometers : Ferranti concentric cylinder viscometer 
. Vh and Vm and Rion portable viscometer VT-01. Shear rates can be changed 
.on the former but not on the latter (constant at 20 S-l). Figure 4.5 
illustrates comparison of flow curves obtained from the Ferranti 
viscometer and the model rheometer. In all cases results from the 
Ferranti were less at equivalent shear rates. 
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Figure 4.6 shows comparison of apparent viscosity measurements of 1.0% 
Cw CMC solutions from the three instruments at a shear rate of 20 s-1 
and the manufacturers' quoted range_(2.5 to 3.0 Pa.s) for this solution 
obtained using a Brookfield viscometer. 
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Figure 4.6 Comparison of viscometer results - 1.0% CW. 
Vertical lines are apparent viscosity values. 
The discrepancy between apparent viscosities illustrated in 
Figure 4.6 is not surprising. Cheng (1981) states" in order that 
viscosity values from completely different types of viscometer can be 
compared with each other, they have to be absolute values. For non-
Newtonian fluids, apparent viscosities have to be corrected for shear 
rate and converted to absolute viscosity values". Correction of apparent 
values to absolute values appears to be the main area of deficiency in 
viscometry as a whole (Cheng 1981). However, it can be seen that results 
obtained from the model rheometer do lie within the range quoted by the 
manufacturer and are not dissimilar from those obtained by the other 
:',.'.-' 
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viscometers. A lengthy discussion of the discrepancies is therefore not 
warranted here. 
4.2.4 Effect of cone geometry and secondary flow on viscosity 
The particular geometry of the model rheometer lends itself to 
generation of secondary flow cells (~alters 1975). The effect of 
secondary flow on shear stress determination is a disadvantage of the 
cone-and-plate system. 
In experime~ts on some arbitrary fluid, it is not practicable to 
estimate the effect of secondary flows on the magnitude of the error 
produced in viscosity (or normal stress) measurements. For such 
estimates it would be necessary to establish the form of the 
constitutive equation of the material and the magnitude of relevant 
coefficients: even then a mathematical solution might well not be 
.available (~horlow 1980). ~alters and ~aters (1968) have shown that 
provided the cone-plate angle is small it is reasonable to ignore the 
effects of secondary flow and to use the simple formulae derived in 
Chapter 3. Hoppmann and Miller (1963) using castor oil studied the 
effects of secondary flow on torque measurement. They found that for a 
cone angle of 1 degree the observed torque agreed with that expected 
from the primary flow alone to within 2%, but for cone angles between 10 
and 45 degrees, it was up to several times greater than expected. No 
generalisation was obtained from these results which therefore provide 
no guide as to the effect of the secondary flow on viscosity measurements 
(Cheng 1968). Cheng (1968) found from experiment that cone angles less 
than 4 degrees support the theoretical prediction of conditions by ~alters 
and ~aters (1968) under which secondary flow can be ignored. 
Cheng (1968) also points out that" it is well known experimentally 
that the effect of secondary flow can be neglected if the rotational speed 
is small". No idea is given as to what constitutes a small rotational 
speed, however. It is also known that the cone-and-plate geometry is not 
particularly good for viscosity measurements in the case of very mobile 
(i.e. low viscosity) liquid systems at high shear rates (Walters 1975). 
It seems then, that the formulae for deriving the coefficient of 
viscosity from torque and angular velocity measurements (equation 3.6) 
only apply for both low speed and small cone-plate angles. Outside of 
these conditions, empirical approaches, or the assumption that variations 
from the stated conditions are likely to be minor, are necessary in order 
to determine secondary flow effects on viscosity determination. Secondary 
",' -":. ~ - ,"'. ','-
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circulation in the model rheometer was studied experimentally and is 
discussed in section 4.3. 
It should be noted that no attempt was made to maintain constant 
temperature in any test and that results given in the figures indicate 
general trends only. Some flow curves did ~ot follow the trends outlined 
above. Departures can be explained by differences in temperature, slight 
differences in concentration between samples, shear history effects, 
ageing effects, or combinations of the above mentioned factors. 
4.2.5 Summary aDd Discussion 
Bloomer (1979) and Tattersall and Banfill (1983) used CMC solutions 
as an aid in calibrating viscometers in their studies of fresh concrete. 
Figure 4.7 shows the results of Tattersall and Banfill (1983) on 
concentrated CMC solutions (3.3 to 4.2% Cw) and those of this study (1.0 
'and 2.0% Cw). The slope of the curves and the trends indicate that the 
model rheometer can produce results that are comparable with those 
obtained from other viscometers. Although discrepancies exist between 
apparent viscosity values obtained from the various viscometers, the model 
rheometer was clearly capable of determining the apparent viscosity and 
flow parameters of fluids expressed in fundamental physical units. 
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4.3 VELOCITY DISTRIBUTION EXPERIMENTS 
4.3.1 Background 
As part of the overall machine evaluation, flow patterns and 
velocity distributions within the shearing fluid were studied. It is 
appreciated that complete knowledge of flow means knowing the stress and 
the velocity at every point in the fluid and on its boundaries. While it 
is not the specific intention of this study to obtain such information 
(even if this w~re' possible), investigation of the general nature of the 
flow will aid interpretation of flow curves and apparent viscosity 
determinations. The theory for determining viscosity in a cone-and-plate 
system assumes primary flow where the fluid rotates about the centre of 
the cone in concentric laminae. However, it is known theoretically that 
in this geometry, a more complex flow pattern involving secondary flow 
.due to inertia effects must always occur (Slattery 1961 reported in 
Hoppmann and Miller 1963). 'Inertial effects result in a secondary flow 
(superimposed on the rotation about the axis of the instrument) which is 
radially outward near the rotating member and inward at the other 
surface. 
4.3.2 Methods 
Flow visualisation experiments by dye injection and particle 
tracing were carried out using aqueous CMC solutions at various 
concentrations and rotation speeds. Velocities of tra6er particles were 
obtained by photographing small (2 mm), near-neutrally buoyant, squat-
cylindrical, polystyrene particles in an 'aged' 0.5% by weight CMC 
solution (apparent viscosity 0.3-0.5 Pa.s). Streak phot~graphy was 
chosen as the most suitable method since direct or intrusive methods 
were unsuitable and instruments such as laser-doppler were not 
available. The curved outer surface of the bowl (polycarbonate) and the 
sloping floor of the rheometer posed photographic problems. A mirror 
placed at 45 degrees to the vertical-and reflecting only a small _ 
proportion of the curved surface proved adequate to determine vertical, 
radial, and tangential components of particle velocity (Figure 4.8). 
Figure 4.8 
Particles 
Camera 
--- - -
------
Sketch of experimental setup for taking streak 
photographs. 
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Distances were calibrated with 20 mm pieces of tape set up 
radially in both vertical and horizontal planes on the conical surface 
of the bowl and camera shutter speed calibration was also carried out. 
Experiments were conducted mostly at 15 rpm with some at 30 rpm. Speeds 
in excess of 30 rpm were not used because streaks became indistinct. 
Streaks were measured with proportional dividers, checked against the 
calibration, and recorded. The nomenclature adopted is shown in Figure 
4.9. Only streaks observed within the narrow 'window' were recorded. 
"'".-.".", 
Tl. 
T0~ Vr 
Vt 
T0 
y~ mirror - V~ .. nd-on 
V~ - ~ .. nQ .. n~l .. l compon .. n~ 
V~ - r .. dial compon .. n~ 
Vv - v .. r~lc .. l componen~ 
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Mirror Vi ..... 
End-on Vi ..... 
Figure 4.9 Sketch showing nomenclature adopted for streak 
determinations of velocity components and a typical 
photograph. 
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4.3.3 Results 
Dye injection techniques proved relatively unsuccessful as a 
quantitative technique but aided in assessing the general flow patterns 
(Figure 4.10). 
(a) Central - Top 
• 
(b) Central - Middle 
(c) Central - Bottom 
(d) - Outer - Top 
.. • 
Figure 4.10 Dye tracer experiments in 1.0% CHC solution 
- various dye injection points. 
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Point values of velocity (Vt in all cases) when plotted against 
depth give a regression line of best fit whose slope is the mean shear 
rate. Figure 4.11 shows the observed data and the regression line (r2 = 
76%) whose slope of 2.95 is slightly greater than that predicted from 
theory (2.72). Though the experimental regression line is displaced from 
the theoretical line both lines are enclosed by the experimental error 
bands. 
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Figure 4.11 Depth vs velocity of particles (streaks). Straight 
line relationship is a measure of shear rate. Dotted 
lines represent range of experimental results. 
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Velocity profiles for given radii are illustrated in Figure 4.12 
together with a line whose slope represents the theoretical shear rate. 
A total of 89 streaks was used. Profiles were constructed by assigning 
individual point depth-velocity values within 5 mm of the radius chosen. 
The points were fitted to a line of best fit (eye fit only) and the 
subsequent velocity-depth relationship used to construct the isovels in 
Figure 4.13. Note that below the measuring annulus (90 - 148 mm radii) 
the measured point velocities fall evenly about the theoretical velocity 
distribution line. Thus in this volume the "flow was close to 'ideal' 
except at the o~termost radii. Departures from the theoretical velocity 
distribution line are observed at radii greater than 150 mm. 
0 
20 
40 
60 
80 
0 
20 
40 
0 
60 
...I 
::Ii 80 
0 
a: 
0 II.. 
E 
E 20 
40 
60 
80 
0 
20 
40 
60 
80 
VELOCITY mm-s- 1 
Or I __ --=l-i~.=;0--=2T?.:.0-----.:3::.:;~0 9 190 200 
I 
, 
r"-" 
r = 100mm 
r = 140 
" . " .' 
'" ~. ., ~ ., . 
r = 160 
" . , , , 
" 
" .. " 
r = 110mm 
r = 130 
. " .. 
I', 
" 
r--.. • , 
" 
........ . . . ,. 
r = 150 
,. 
" , , , ., 
r = 170 
, , , 
" .-...: 
300 
I 
" ... 
Figure 4.12 Depth - velocity profiles at fixed radii. 
62 
MEASURING ANNULUS 
I· .,-
Distance from 
60 80 
? 
0 
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
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The paucity of data at radii less than 100 mm and greater than 
160 mm may be explained in terms of streak resolution. Isolation of 
individual streaks at outer radii was difficult as the streaks tended to 
be longer and overlapped. At inner radii; there appeared to be few 
streaks generally, and those that were observed were difficult to 
measure. The lack of streaks in this inner region may be due to a 
secondary flow effect which suppresses entry of particles into this 
zone. 
The radial velocity component of the streaks gives an indication 
of the type of secondary flow cell though the magnitudes of these radial 
components do not suggest a recognisable pattern (possibly a reflection 
of the large experimental error in determining the radial component). As 
an indication, the radial component varied from 65-10% of the 
tangential component. Apart from below the lid to a depth of 15 mm and 
at the floor where the radial components were high « 30 up to about 70% 
I. " . -", -- . -~-
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of the tangential component), the radial components of velocity were, on 
average, 10-25% of the tangential component. Figure 4.14 gives an 
indication of the type of secondary flow cell set up. The existence of 
more than one secondary flow cell is not discounted, though the lack of 
streaks in both inner and outer zones, for reasons outlined above, makes 
confirmation difficult. Nevertheless the area of concern i.e. the volume 
below the measuring annulus was covered by the photographs. 
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Figure 4.14 Direction of radial components of streaks and 
sketch of secondary flow cell. 
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A further series of streak photo experiments was conducted using 
different viscosity CMC solutions and different speeds of rotation. This 
series was photographed using a different camera and it was found that 
the shutter speed calibration was highly variable and unreliable. 
Results of the 95 streaks measured, while not reported due to this 
unreliability, did show similar depth-velocity trends to those already 
outlined. 
, .... .'::"---
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4.3.4 Discussion of results 
Secondary flow effects have been observed with various cone-plate 
angles by Giesekus (1967), Hoppmann and Miller (1963), and Hoppmann and 
Baronet (1965). The radial motion is no doubt suppressed by use of a 
small cone-plate angle, as in most practical instruments (Whorlow 1980; 
Walters and Waters 1968). The pattern of flow generated in the model 
rheometer for the experimental conditions outlined appears to be a 
single vortex, radially outward along the sloping floor, up the side 
wall, and in towards the centre. This pattern is as predicted for a 
viscous Newtonian fluid in a cone-and-plate geometry (Walters 1975). The 
appearance of mUltiple vortices reported by Hoppman and Miller (1963), 
Giesekus (1969), and Hoppmann and Baronet (1965) for elastico-viscous 
fluids was not observed though their existence cannot be discounted. 
Miller and Hoppman (1963), using observations of the actual flow 
.patterns and measurements.of torque and angular velocity, determined 
functions describing the velocity field induced in a liquid by a 
rotating cone. Their results support the findings of Walters and Waters 
(1968) and Cheng (1968) that viscosity for Newtonian fluids can be 
determined by cones whose angles are less than 4 degrees. However, they 
state that by using their velocity functions the measurement of 
viscosity is not limited to the use of cones of small angles and small 
amounts of liquid, but can be carried out with cones of any angles 
rotating in any amount of liquid. While it is possible to allow for cone 
angles of any size in determining the viscosity of Newtonian liquids, 
the case of non-Newtonian fluids has not been investigated. 
The linear nature of the velocity. profiles (Figures 4.11 and 
4.13) indicates that mean shear rates for the model rheometer closely 
follow those predicted from theory. Departure from theoeretical 
behaviour appears at radii outside of the measuring annulus. 
Actual shear rate calculated from all the streaks (2.95 s-l) is 
approximately 8% greater than that predicted by theory (2.72 s-I), but 
for the zone below the measuring annulus is the same. 
Edge and end effects and viscous heating 
Other factors which will effect both the primary and 
secondary flow pattern and the determination of viscosity are the edge 
and end effects and those caused by viscous heating (generally these 
effects do not apply in the design adopted for the model rheometer). The 
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former effects arise due to finite dimensions of instrument members and 
to surface tension. Traditional cone-and-plate geometries have viewed 
these effects in relation to considering an infinite cone in a sea of 
liquid. Griffith and Walters (1970) conclude that the error for a gap 
angle of 4 degrees is less than 2%. These estimates might be expected to 
apply approximately for non-Newtonian liquids also (Walters 1975). 
Viscous heating effects cause increases in liquid temperature 
which ultimately affect the torque readings. Whether the source of error 
is likely to be significant in a given set of experiments depends on 
many factors, pa~ticularly the temperature dependence of the test fluid 
material properties. 
4.4 SUMMARY 
The evaluation experiments presented above show that the model 
~heometer can provide useful information about the flow parameters of 
various fluids. Measured values of apparent viscosity for the fluids 
studied closely approximate those obtained by other methods and some of 
the factors which affect viscosity were readily identified. 
Determination of velocity distribution and shear rates also 
indicated that the model performed in a manner similar to that predicted 
by theory. 
Extension of the above results to fluids other than those tested, 
in particular to other non-Newtonian fluids, is a matter of some 
conjecture. However, some measure of success is likely because: 
1. the apparent viscosity of non-Newtonian fluids can be 
determined by equations derived for Newtonian fluids. 
2. secondary flow does not cause significant departures from 
primary flow (secondary flow is a second order effect)~ 
3. errors in apparent viscosity determination are approximately 
the same for non-Newtonian as for Newtonian fluids. 
1=-:·· .•. 
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CHAPTER 5 
RHEOLOGICAL INVESTIGATIONS OF CONCENTRATED SUSPENSIONS 
5.1 INTRODUCTION AND BACKGROUND 
5.1.1 Clay slurries and fine suspensions 
The determination of the rheological properties of suspensions of 
solids in liquids has received considerable attention over the last few 
decades. Many workers have examined the behaviour of clay suspensions at 
various concentrations (Michaels and Bolger 1962; Thomas 1963; Migniot 
1968; Sharma et al •. 1972; Daido 1976; Hampton 1975; Wan 1982; Engelund 
and Wan 1984; Bradley 1986). The clays used in almost all the studies 
were either kaolinite or bentonite. Rheological measurements were 
predominantly carried out in concentric cylinder viscometers, though 
other methods such as capillary tube and pumping tests have also been 
used. 
Other workers (Caldwell and Babbitt 1941; Migniot 1968; Dai et 
al. 1980; O'Brien 1986) have made rheological measurements of mudflow 
samples, sludges, and mud slurries. 
A further group have investigated artificial mixtures such as 
glass spheres in non-polar liquids (Van Kao et al. 1975), polyethylene 
granules in ethyl alcohol/water (Miller 1964), metal oxide suspensions 
(Metzner and Whitlock 1958; Thomas 1963), gold slimes (Horsley 1983) and 
other suspensions (Rutgers 1962; Lim and Han 1983). Volume 
concentrations of materials studied range from as low as a few percent 
up to what Cheng (1984) describes as dense suspensions (Cv = 30 to 60 or 
70%). The following general points can be made based on previous work: 
1. Clay slurries are best described by the Bingham model. 
2. Fine « 30 v) particles at high concentrations exhibit 
plastic or pseudo-plastic behaviour and are probably best described as 
pastes. 
3. Departure from linear behaviour occurs at low shear rates in 
clay slurries. 
4. The yield stress derived by back-extrapolation from low shear 
rate runs is less than that derived from high shear rate runs. 
5. Viscosity increases with increasing concentration. 
6. Different methods give different results. 
7. The reproducibility of viscometric measurement is inherently 
very poor at high volume concentrations. 
.' ..... --
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8. Packing structure affects the behaviour of dense suspensions. 
9. Torque or shear stress decay with time reflects the slow 
process of structure formation. 
10. Decrease in viscosity when solids concentration is increased 
beyond some limit can also be related to some complex structural 
behaviour and the influence of stresses developed in a sample. 
11. In summary, behaviour of dense suspensions is complex. 
5.1.2 Grain-fluid mixtures 
The determination of the rheological parameters of flow for 
coarse grains in fluids has been limited by the availability of suitable 
testing machinery. As a consequence, mixes with particles of more than a 
few millimetres in diameter have not been studied. 
Since Bagnold (1954) carried out his experiments using 1.32 mm 
paraffin wax/lead stearate spheres in a rotating drum apparatus, many 
workers have attempted to build on or extend this work. Bagnold defined 
three flow regimes depending on the value of a dimensionless shear rate 
number analogous to a conventional Reynolds' number. In his macro-
viscous regime, corresponding to low shear rates where fluid viscosity 
is important, the stresses are linearly proportional to the shear rate. 
In the high shear rate grain inertia regime, he proposed that the 
interstitial fluid plays a minor role and that the main contributors to 
the stresses are inter-particle friction and collisions. In this region 
both the normal stresses and the shear stresses vary with the square of 
the shear rate. Between the two regions is a transitional regime where 
the effects of both fluid viscosity and grain inertia are important. 
Miller (1964) carried out tests on 2.37 mm particles of polyethylene in 
a mixture of alcohol and water in a similar device to Bagnold's. Miller 
found that at ]OW speeds his results were similar to Bagnold's but at 
high speed Miller's values of particle shear stress were lower than 
Bagnold's. 
Savage and McKeown (1983) used a concentric cylinder Couette flow 
cell to test spherical polystyrene beads of mean diameters 0.97, 1.24, 
and 1.78 mm in salt water. They conclude that differences between 
apparatus and test materials make comparisons of measured stresses 
difficult between workers and that flow behaviour is rather more 
complicated than that pictured by Bagnold in his three flow regimes. 
They acknowledge that the limiting behaviour in the macro-viscous and 
grain-inertia regimes seems well founded, but that the precise 
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definition of those boundaries may not be so well defined. Their 
investigation points out the importance of the boundary conditions (i.e. 
rough walls or smooth walls on measuring elements) and also the 
importance of intermittent locking or jamming of particles across the 
annular gap . 
. Hanes and Inman (1985a&b) describe experiments on the behaviour 
of granular fluid materials undergoing steady rapid shear in an annular 
shear cell and validated a dynamic Coulomb yield criterion for granular 
fluid flows. Their data indicate a nearly constant ratio of the shear 
stress to the normal stress at the boundary separating a rapidly flowing 
granular fluid layer from a stationary (but movable) granular bed. 
In order to aid interpretation of the rheological behaviour of 
debris flow materials, a series of experiments with various fluid/grain 
mixtures was conducted. 
The specific objectives of this series of experiments were 
(a) investigate particle concentration effects. 
(b) investigate density, grain size, density difference and 
interstitial fluid viscosity effects. 
(c) compare results with those other workers to determine any 
peculiar machine behavioural characteristics. 
5.2 EXPERIMENTAL OUTLINE 
5.2.1 Materials and methods 
The experimental materials used may be divided into two groups: 
artificial mixtures i.e. 'unnatural' materials, and natural mixtures 
i.e. those incorporating materials likely to be found in stream 
channels, on hillslopes or in the physical environment. It should be 
pointed out that while the materials may be described as natural, the 
concentrations under which the experiments were conducted might not be. 
Materials used included tap water, aqueous solutions of carboxy-methyl 
cellulose (CMC), salt water, P.V.C. granules, polystyrene beads, glass 
spheres, sodium bentonite, calcium bentonite, processed "China clays", 
quartz sand, river sands, river pebbles and fresh concrete. 
Combinations of different viscosity interstitial fluids, 
different particle sizes, and different particle density were used in 
the various experiments (Table 5.1 and Figure 5.1).The experimental 
procedure was as outlined for the machine evaluation experiments with 
additions: 
(a) Mixtures were stirred for 5 minutes with a power stirrer 
prior to loading into the machine. 
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(b) Visible air bubbles (if present) were excluded by rotation of 
the bowl as th~ machine was topped up. 
(c) Generally only up curves were carried out (in 10 rpm 
increments). 
Table 5.1 Experimental materials 
Solid Size(mm) Interstitial Fluid r1g-P Figure 
Fluid Viscosity 
Polystyrene beads 2 Salt water Low Zero 5.10 
PVC granules 3 Water Low Med 5.11 
Glass spheres 3 Water Low High 
PVC granules 3 0.5% CMC Medium Med 5.12 
Glass spheres 3 0.5% CMC Medium High 5.13 
River pebbles 4-5 0.5% CMC Medium High 5.14 
PVC granules 3 1.0% CMC Med-High Med 5.15 
Glass spheres 3 1.0% CMC Med-High High 5.16 
River pebbles 4-5 1.0% CMC Med-High High 5.17 
Glass spheres 3 2.0% CMC High High 5.18 
River pebbles 4-5 2.0% CMC High High 5.19 
"Ultrafine" Water 5.2 
"Tepene" Water 5.4 
"Calben" Water 5.6 
Na Bentonite Water 5.5 
Glass spheres 3 Clay slurry Low Low 5.9 
Quartz sand 1 Clay slurry Low Low 5.9 
Sand 0.5-0.71 Clay slurry Low Low 5.9 
Sand 0.5-0.71 Clay slurry Med Low 5.9 
Fresh concrete Cement High 5.25 
Viscosity values (Pa.s) Solid densities ( tonnes. m-3) 
Low 11 < 0.1 Polystyrene 1. 054-1. 070 
Med 0.1 < 11 < 1.0 PVC 1. 20 -1. 60 
Med-high 1.0 < 11 < 10.0 Glass 2.65 -2.70 
High 11 > 10.0 Sands, pebbles 2.65 
Clays 2.65 -2.75 
> ....... . 
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Figure 5.1 Grain si~e curves for "clays". 
In most cases 4 replicates were carried out at each concentration 
in order to determine repeatability or shear history effects. Samples of 
40 to 50 ml were extracted from the bulk mix and oven dried at 1050C to 
act as a check on volume concentration of solids. Apparent viscosities 
were calculated using equation 3.6 and maximum torque readings only. 
Visual observation of the flow behaviour of some experimental 
granular materials prompted a series of complementary experiments in 
which 
(a) stirrers were introduced into the flow to aid dispersion of 
grains and 
(b) the rheometer floor was modified to try to avoid the build up 
of non shearing zones of tightly packed grains. These experiments 
examined the effect of the changes on the flow curves only and flow 
visualisation work was not undertaken. 
A total of 291 individual flow curves was determined for the 
variety of materials studied. 
'-_.-". , .. 
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5.3 RESULTS 
5.3.1 Clay slurries 
"Ultrafine" China clay (Halloysite - Kaolin) 
Mean flow curves for different concentrations of 
"Ultrafine" in tap water plus sodium hexametaphosph~te in the ratio of 
1:100 (by weight - dispersant to clay) are shown in Figure 5.2. 
20 
18 
16 
,...... 14 0 a. 
'-'" 
en en 12 w 
et:: 
t-en 10 et:: 
<{ 
W 
I 
8 en 
6 
4 
2 
0
0 
Figure 5.2 
• Cw=58" 
oCw=55" 
ACw=48" 
OCw=39" 
ACw=30" 
• Cw=20" 
xCw=10" 
Ultraflne 
2 4 6 8 10 12 
SHEAR RATE (S-1) 
14 16 
Flow curves - "Ultrafine" in tapwater. 
Slight dispersive pressure was noticed at 50% Cw but was not 
measurable. Up and down curves were coincident where carried out. 
Variation in torque readings at low rotational speeds was noticed. At 
55% Cw each successive replicate gave slightly higher torque values for 
72 
the same shear rate. This phenomenon seems to occur at concentrations 
down to about 40% Cwo Another interesting feature observed was that the 
rheometer produced torque values which climbed rapidly to a maximum, 
then dropped to an equilibrium value. Readings of torque taken with 
continuous shear at set rates of shear confirm this phenomenon (Figure 
5.3). 
19' Continual .h •• r - Ultrafln. Cw • 5aX 
18 
. ~~~A------__ ~A~ ____________ ~~ 
A 
13 
12 
"'0 2 3 4 
A 60 rpm (10.88 S-1 ( 
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Figure 5.3 Variation of shear stress with time - "Ultrafine". 
Curves show some departure from linearity; some are very slightly 
shear thinning while others are very slightly shear thickening. The 
rheological behaviour of this material at high concentrations (Cv > 40%) 
probably best fits the Bingham model. 
.- .... ,»-.~.-
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"Tepene" China clay (50% Halloysite & 50% Silica, coarse 
grain size) 
Figure 5.4 illustrates mean flow curves for "Tepene" at 
various concentrations. The high proportion of inert silica and the 
slightly coarser particle size contribute to less dispersion and a 
tendency for particles to aggregate and settle out. This may reduce 
particle concentration in the measuring volume and hence reduce the 
measured values of shear stress i.e. the dispersed grain concentration 
will reduce with .time thus reducing the effective shear stress on the 
lid. 
The plastic behaviour found with slurries of high clay content 
does not appear to be exhibited by this material. 
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Figure 5.4 Flow curves - "Tepene" in tapwater. 
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Sodium Bentonite 
Mean flow curves for swelling sodium bentonite are shown 
in Figure 5.5. Torque readings exhibit wide variation and appear, in 
successive runs, to increase with time, in a similar way to that found 
for "Ultrafine". Back extrapolations of flow curves give a measure of 
the yield value. As might be expected this yield value increases with 
increasing particle concentration. The flow curves appear to vary about 
a linear trend and the rheology fits the Bingham model. 
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Figure 5.5 Flow curves - Sodium Bentonite in tapwater. 
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Calcium Bentonite (non-swelling) 
Mean flow curves are shown in Figure 5.6. Above 40% Cw the shear 
stress at a given shear rate increases markedly. 
350 
Calben 
300 
250 
,.-.,. 
0 
a.. ........ 
• Cw=56,; (f) 
(f) 200 
w 
0::: oCw=40,; r-
(f) 
0::: « 150 ·Cw=20,; ~ 
(f) 
100 
50 
o o 0 0 0 0 ~ 
2 4 6 8 10 12 14 16 
SHEAR RATE (S-1) 
Figure 5.6 Flow curves - "Calben" in tapwater. 
It was noted that if the speed was set, the machine switched off, 
then restarted, high initial torque readings dropped rapidly to an 
equilibrium value. It was thought that this might indicate the magnitude 
of the static yield strength of the slurry. This procedure was repeated 
: ->-'. ,~-. '," . 
and the phenomenon persisted up to 40 rpm (du/dy = 7.26 S-I) when it 
disappeared. Figure 5.7 illustrates the general effect. The time 
interval to reach equilibrium was small, approximately 5 seconds, and 
the effect became less pronounced as the speed setting increased. 
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Figure 5.7 Shear stress variation with time following start up 
"Calhen" Cw = 40%. 
When yield stress values calculated on the basis of f]ow curve 
extrapolation are compared with the above method the difference is ahout 
10 to 15%. This might be a material phenomenon or it might reflect the 
response of the balance. The material shear stress dependence on time 
was tested over 4 minutes with the results presented in Figure 5.8. 
After about 10 seconds the torque reading settles down to an equilibrium 
value indicating that for time intervals greater than this the material 
is not time dependent. 
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Figure 5.8 Shear stress variation with time - "Calben" Cw=40% 
5.3.2 Clay-grain mixtures 
In this set of experiments, mixtures were prepared at solids 
concentrations of 80% Cw (Cv = 58-60%); 15% of total solids was clay and 
85% of the total solids grains. Mean flow curves are shown in Figure 
5.9. 
Clay and coarse grains 
A slurry of "Ultrafine" and 3 mm glass beads (Curve A -
Cw = 79%) displayed wide variation at individual speed settings. A 
peculiar phenomenon occurred at 50 rpm (9.07 s-l) in which the torque 
increased then rapidly de~lined to a lower level. This may be due to a 
process analogous to that found by Vand (1948) reported in Cheng (1981) 
for concentric cylinder viscometers, where the bob cuts a 'hole' in the 
sample with a high proportion of solids. For some reason loss of contact 
---'-,.' 
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with the measuring annulus causes the torque to drop rapidly and perhaps 
~ reflects the shear resistance of the liquid phase only. 
Dispersive pressure was not measured, though observation 
indicated excitation of grains both in lateral and vertical planes, 
especially at higher rotation speeds. Secondary flow was also observed, 
with grains moving to the outer wall, rising up the wall and moving 
radially inwards. Upon completion of the runs, the observed grain 
packing showed a density gradient from the outer wall to the centre. 
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Hean flow curves - "Ultrafine" and grain mixtures. 
Clay and medium grains 
VeIl rounded 1 mm quartz grains in an "Ultrafine" clay 
slurry (Curve B - Cw = 83%) exhibited a mean flow curve as shown in 
Figure 5.9. Successive runs showed a reduction in shear stress at 
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equivalent shear rates indicating a shear history effect. Contact with 
the measuring annulus appeared to be lost at times as shown by sudden 
reductions in torque readings. Segregation of solid/liquid phases also 
became apparent, with liquid escaping through outer seals at high 
rotation speeds. 
Clay and fine grains 
River sand (500-710 lJ) in a slurry of "Ultrafine" (Curve 
C - Cw = 80%) exhibited a mean flow curve as shown in Figure 5.9. This 
mixture was fairly stiff immediately after mixing and grains were well 
dispersed and suspended throughout the matrix. Loss of contact with the 
annulus was observed and alternating high and low dispersive pressures 
were consequently observed. Visual observation of material adjacent to 
the side wall indicated extremely low shear rates in this region as 
streaks were visibly unaltered during rotation. This may be analogous to 
a 'plug flow' (see section 5.4.2. for discussion). 
Clay and coarse grains (more clay) 
Glass beads (3 mm) in a slightly thicker slurry of 
"Ultrafine" (Curve D - double clay content - Cw 81%) display a flow 
curve as shown in Figure 5.9. The curve indicates the probable existence 
of a yield stress (=100 Pa) and the curve shows slightly shear 
thickening characteristics. 
5.3.3 Artificial mixtures - grains in fluid 
Low viscosity interstitial fluid and low to zero density 
difference 
Figure 5.10 illustrates the mean flow curves for 
polystyrene beads in a solution of salt water. Many of the features 
exhibited in the other experiments were also observed here. Resolution 
of torque readings at low concentrations and low shear rates was poor. 
j 
Figure 5.10 Flow curves - polystyrene beads in salt water. 
Flow curves in general show slight shear thickening behaviour. 
The near-neutral buoyancy of the particles aided in even dispersion 
throughout the rheometer volume. 
Low viscosity interstitial fluid & medium density 
difference 
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Mean flow curves of PVC granules in water are shown in 
Figure 5.11. Initial problems with surface tension effects and air 
bubble attachment to the surface of the granules were overcome by 
allowing the mixture to stand after being made up, then restirring prior 
to use. The addition of a few drops of detergent also reduced this 
effect. 
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Figure 5.11 Flow curves - PVC granules in tap water. 
At concentrations below 30% Cv, and only when rotational speeds 
were high (> 50 rpm - 9.07 S-1) granules moved radially outward to the 
wall and moved up the wall. Complete dispersion of granules throughout 
the volume was not observed and it is likely that shear stress 
measurements reflect the apparent viscosity of the carry fluid only. At 
a volume concentration of 50% grains appeared to be disper~ed through 
the whole volume though the local concentrations were probably highly 
variable. An attempt to investigate 60% Cv was unsuccessful as the whole 
granular mass dilated and "froze" upon starting the rheometer. 
Low viscosity interstitial fluid & high density 
difference 
Water and 3 mm glass bead mixtures proved difficult to 
test. The behaviour of grains outlined above was again observed, with 
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little happening at low Cv's and low speeds. Even at the highest 
rotation speeds and volume concentrations (45%), complete dispersion was 
not possible. Torque readings were extremely low and repeatability poor. 
Medium viscosity interstitial fluid & medium density 
difference 
PVC granules in 0.5% aqueous CMC solutions exhibit flow 
curves as shown in Figure 5.12. It was observed that torque readings 
continued to climb after each new speed setting was set so readings were 
taken at 15 seconds and at 45 seconds following speed setting or until 
the torque reading had stabilized. For low viscosity interstitial fluids 
maximum torque was quickly established, but for high viscosity fluids 
maximum values were not reached for several minutes. Secondary flow 
effects were still obvious at all concentrations. 
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Figure 5.12 Flow curves - PVC granules in 0.5% CHC. 
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Significant departure from linear behaviour arises at Cv > 35% 
and the presence of upward or dispersive pressure is more noticeable at 
these high concentrations. Although grains are dispersed, visual 
observation indicates that local variations in concentration are common 
and that there is a tendency for more grains to collect at the outside 
than the inside of the rheometer. At high speed and at high 
concentration, torque readings show wide scatter. The sudden drop in 
shear stress at 50% Cv can be explained by a loss of fluid contact with 
the measuring annulus as the lid is raised upwards by dispersive 
pressure at the outer annulus and air enters the rheometer. Observation 
of this phenomenon prompted investigation into ways in which this 
pressure could be measured. Limited sucess was achieved and results, 
although showing trends, cannot be translated into meaningful values of 
pressure or stress. Movement on a vertical displacement gauge at 35% Cv 
was 4 to 5 units while at 50% Cv it was 11 to 13 units. 
Medium viscosity interstitial fluid & high density 
difference 
(a) Figure 5.13 illustrates mean flow curves for 3 mm 
glass beads in 0.5% CMC solution. As in the previous experiments, 
departures from linear behaviour occurred at 35% Cv or greater and at 
speeds greater than 50 rpm(9.07 S-I). Increasing the concentration has 
the effect of increasing the shear stress at a given shear rate. Curves 
also show shear thickening behaviour, particularly above shear rates of 
8 s-l. 
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Figure 5.13 Flow curves - Glass beads in 0.5% CMC. 
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Observations of flow behaviour and particle migration were 
similar to those already described though the greater density difference 
seems to limit the inward extent of the grain flow i.e. the secondary 
flow is not sufficient to carry particles to the inner wall and they 
drop out. With lighter particles e.g. PVC, the particles move further 
towards the centre. 
(b) Well rounded 4-5 mm pebbles in 0.5% CMC solution 
produce the flow curves shown in Figure 5.14. At concentrations of 35 
and 40% Cv, flow curves show linear relationships up to about a shear 
rate of 8 s·1. Aboye this, shear thickening behaviour becomes more 
pronounced. A similar pattern is observed for higher concentrations 
though the onset of shear thickening occurs at lower shear rates. At 
high concentrations torque measurements vary from 5-10% of a mean value 
and vibration and noise caused by grain collisions are evident. An 
interesting phenomenon occurred at highest rotation speeds; a form of 
periodic flow instability developed whereby grains would become fully 
dispersed in the flow, cause torque readings to rise and reduce the 
speed of revolution by about 0.5 rpm. Grains then appeared to change 
packing structure or rearrange themselves with a concommittant noise 
change, torque values reduced, and the speed of rotation returned to its 
setting. This phenomenon is discussed later in this chapter. 
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Figure 5.14 Flow curves - Pebbles in 0.5% CHC. 
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Medium-High viscosity interstitial fluid & medium density 
difference 
Mean flow curves for PVC granules in 1.0% CMC solution 
are shown in Figure 5.15. Flow behaviour effects similar to previous 
experiments were observed. 
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Figure 5.15 Flow curves - PVC granules in 1.0% CMC. 
At 35% Cv a measure of dispersive pressure was 5 units 
displacement increasing to 8 units at 50% Cv and grains were well 
dispersed across the measuring annulus section. At concentrations 
greater than 35% Cv, flow curves show slight shear thinning 
characteristics. As noted previously, torque readings appear to lag the 
onset of new rotation speed settings and continue to climb for several 
minutes until equilibrium is reached. 
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Medium-High viscosity interstitial fluid & high density 
difference 
(a) Mean flow curves for 3 mm glass beads in 1.0% CMC are 
illustrated in Figure 5.16. As in previous experiments departure from 
linear behaviour occurred at shear rates greater than about 7 S-1. 
Similarly, increasing the grain concentration increased the shear stress 
at a given shear rate. Onset of shear thickening behaviour occurred at 
progressively lower shear rates with increasing concentration and this 
became more marked at the higher concentrations. At the maximum shear 
rate (14.5 s-l), and at the higher concentrations audible noise of 
collisions between grains and between grains and the lid became evident. 
Under these conditions, dispersive pressure was observed on the proving 
ring dial gauge but fluctuated a few units. Also, the value of torque 
increased, but there was a lag time of at least a few minutes before 
s~me 'equilibrium' value was reached. No apparent yield stress was 
measured. 
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Figure 5.16 Flow curves - Glass beads in 1.0% CMC. 
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(b) Figure 5.17 illustrates mean flow curves for 4-5 mm 
pebbles in 1.0% CMC. The phenomenon of surging or flow instability 
described on page 84 also occurs in this experiment. Fluctuations in 
torque values are about 10% of mean values and speed of rotation varies 
from 1.0 to 1.5 rpm (0.18 to 0.27 S-I). At concentrations of 50% Cv and 
at shear rates above about 7 s-l, collisional energy is transmitted to 
the lid, and is seen as vibrations on the proving ring dial gauge and is 
audible. The torque wire 'jerks' as though a fish were biting on a 
fishing line. At 55% Cv 25 units of dispersive pressure were measured. 
Features seen in other experiments related to shear rate and grain 
concentration were also observed. 
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Figure 5.17 Flow curves - Pebbles in 1.0% CHC. 
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High viscosity interstitial fluid & high density 
difference 
(a) Flow curves for 3 mm glass beads in 2.0% CMC are 
shown in Figure 5.18. 
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Figure 5.18 Flow curves - Glass beads in 2.0% CHC. 
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The high viscosity of the interstitial fluid at this 
concentration makes it difficult to work with. Air bubbles become 
entrapped within the fluid and the fluid,instead of leaking out of the 
outer annular seal like less viscous fluids due to the centrifugal force 
effect, escapes at the innermost seal around the revolving central axis. 
Difficulties then arise as air is sucked into the sample space via the 
outer seals with the result that fluid contact with the plate is 
partially lost. The results presented probably represent minimum values, 
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as the experiment had to be conducted in a shorter time than usual to 
avoid or minimise this problem and it is certain that 'equilibrium' 
values were not reached. However, the results obtained are probably 
within 20% of the mean values. At high concentrations grains are 
dispersed completely within the fluid. Grains appear to contribute to 
the overall shear stress only at highest rates of rotation and at high 
concentration. 
(b) Figure 5.17 illustrates flow curves for 4-5 mm 
pebbles in 2.0% CMC. The same experimental difficulties as discussed 
above were encountered and similar observations were made. High energy 
collisions apparent in less viscous fluids were not as readily 
noticeable; i.e. the noise levels were much reduced and the vibrational 
effects not as apparent; 
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Figure 5.19 Flow curves - Pebbles in 2.0% CHC. 
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5.3.4 Complementary experiments 
Stirrers 
In order to aid uniform grain dispersion and perhaps 
modify the observed concentration gradient, stirrers were introduced 
into the flow to mix and break up dead zones at the side wall-floor 
intersection. Three types of stirrers were used (see Figure 5.20(a» and 
these were set 90 degrees apart at the outer edge of the lid where it 
was hoped that any local effects such as turbulence were dissipated 
before reaching the volume beneath the measuring annulus. 
BRASS STIRRERS STIRRERS 
RODS into flow oblique to flow 
Flow Flow Flow .. 
O}o.lmm ~ o::r: 3.1 mm O~ 6.1mm 
74mm 
Flow I' Flow I' Flowl' 1 
Figure 5.20 (a) Sketch of stirrers and their orientation 
relative to primary flow lines. 
(a) Medium viscosity interstitial fluid & no grains 
Figure 5.20(b) shows flow curves for 1.0% CMC solutions showing the 
effects of stirrers. Stirrers have the effect of disrupting and reducing 
the velocity gradient and hence reducing the effective shear stress on 
the measuring annulus. The thinner stirrers have least effect and the 
phenomenon is shear rate dependent ie. more pronounced difference 
between stirrers at higher shear rates. 
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Figure 5.20 (b) Flow curves - 1.0% and 2.0% CHC solutions with 
stirrers. 
(b) High viscosity fluid & no grains 
Flow curves for 2.0% CMC solutions showing the effects of stirrers are 
shown in Figure 5.20(b). The effects described for the less viscous 
fluid are also observed, but the difference between stirrers is small 
and is not shear rate dependent. 
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(c) Clay slurry low Cv 
Figure 5.21 shows flow curves for 20% by weight (8% Cv) of "Ultrafine" 
(China clay) in tapwater. Similar effects to those described for viscous 
fluids were observed i.e. there were not sufficient clay particles to 
cause any major changes in local volume concentration and hence cause 
increases in shear stress. 
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Figure 5.21 Flow curves - "Ultrafine" slurry with stirrers. 
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(d) Low viscosity interstitial fluid & zero density difference 
Flow curves for 50% Cv polystyrene beads in salt water are illustrated 
in Figure 5.22. The effect of th~ stirrers is to increase the shear 
stress on the annulus by disturbing or displacing grains thus causing an 
increase in volume concentration in the measuring volume i.e. the 
opposite effect to the fluid-only cases above. The larger the stirrer, 
the larger the effect. This appears to be constant with shear rate. 
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Figure 5.22 Flow curves - Polystyrene beads in salt water with 
stirrers. 
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Floor modifications 
The rheometer floor was altered in an additional attempt 
to reduce the formation of a plug of grains or dead zone of tightly 
packed grains at the intersection of the wall and the floor (Figure 
5.23). 
BEFORE 
AFTER 
Figure 5.23 Schematic diagram illustrating floor modification. 
It was anticipated that the equation for calculating apparent 
viscosity would not change as the modification was outside the zone of 
the measuring anntllus volume. The effect would be to reduce the plug 
to a few grain diameters thickness, aid dispersion, and to promote a 
more uniform concentration of g~ains throughout the whole volume for a 
given volume of grains. 
(a) Results 
Flow curves for 1.0% CMC solutions fall within the flow band determined 
for the preliminary experiments (Figure 5.24) indicating that the floor 
modifications had no significant effect on apparent viscosity 
determinations. It should be noted, that at this stage it was realised 
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that original mixes at 1.0% Cw were in fact 1.17% Cwo This was due to an 
incorrect volumetric scale on the mixing container. The flow curves of 
mixes in the preliminary experiments were therefore slightly more 
viscous and this is shown in the slightly higher shear stress readings 
in general for these solutions. It was therefore concluded that the 
floor modification did not affect the shear stress measurements at the 
measuring annulus, but aided in reducing the occurrence of dead zones of 
grains at the floor-wall intersection. 
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Figure 5.24 Hean flow curves and flow bands (dotted lines), 1.0% 
CHC solution before and after floor modification. 
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Summary 
Complementary experiments indicated that introduction of 
stirrers into the flow aided dispersion and altered torque readings by 
modifying the velocity gradient in viscous fluids (no grains) or by 
altering the local grain concentration; and that modification to the 
floor at the outer wall reduced the formation of dead zones but did not 
alter the shear stress measurements at the measuring annulus. The floor 
modification was kept in all later experiments but stirrers were not 
used again. Stirr~rs were not used in subsequent experiments because the 
majority of experiments had been conducted without stirrers and any 
comparisons between test materials had to be on a consistent basis. Also 
it was found that as the grain concentration approached the maximum 
value for the volumetric concentration, introduction of stirrers into 
the flow caused the grain mass to "freeze". 
5.3.5 Fresh concrete - a special case 
Of the artificial mixtures studied, fresh concrete was chosen as 
a special case because of its obvious physical similarity to many debris 
flow materials. The fresh concrete tested in the prototype rheometer was 
a 200 mm slump, 30 MPa, high workability mix. Water content was about 8% 
by weight and fines ie. cement comprised 10% by weight. The maximum size 
of the aggregate was 19 mm. 
Torque readings from the measuring annulus were transferred from 
a 500 kg load cell to a chart recorder and corresponding shear rates 
(rpm values) recorded manually on the chart trace. This system was later 
superseded, with impulses from the load cell being recorded by a data 
logger. 
The high content of entrapped air in the mix meant that contact 
of the mix with the rheometer lid was lost at times as the mix 
segregated and compacted as the bowl rotated. Resolution of torque 
output on the chart recorder was not particularly good and the results 
probably involve considerable error (up to ±50%). As rotation speed 
increased the mix segregated and started to bleed as fines escaped 
through the annular seals. As a consequence rotation speeds were kept 
below about 15 rpm. 
The flow curve is shown in Figure 5.25. Apparent viscosities 
range from 162 - 370 Pa.s and the flow curve is best described as shear 
thinning. The yield stress was probably about 100 Pa. 
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Figure 5.25 Flow curve - fresh concrete. 
5.4 DISCUSSION OF EXPERIMENTAL RESULTS 
5.4.1 Clay slurries 
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The rheological behaviour of clay slurries is now relatively well 
established and, as expected, (with the exception of "Tepene", which is 
not really a clay mineral anyway), the results indicate that the Bingham 
model is appropriate to describe their flow behaviour. 
The sodium bentonite slurry tests indicate general agreement with 
other workers (Figure 5.26). Flow curve shape, though exibihiting some 
differences, indicates a linear Bingham or plastic type model, and it 
seems reasonable to explain the variability between workers in terms of 
differences in materials tested and differences in testing instruments. 
".'--:-"-- . 
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It is worth noting that the rheological property of bentonite 
suspensions is very sensitive to the ionic composition of the solids as 
well as the pH and electrolyte composition of the water used (Cheng 
1975). While no attempt was made in this study to investigate these 
effects, some of the variability exhibited in Figure 5.26 may be 
attributed to these factors. 
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Figure 5.26 Flow curves of Bentonite slurries from this study 
and from other studies. 
It is evident from an examination of the literature that some 
confusion exists as to what constitutes the yield stress. Some workers 
when plotting rheological data to form a flow curve assign a linear 
Bingham model to describe the curve. The back extrapolated intercept on 
the shear stress axis is then called the Bingham yield stress (Lb) or 
yield stress for short. In many cases however, there is a departure from 
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this linearity, especially at low shear rates (Wan 1982; see his Figure 
4.1, page 18). 
O'Brien (1986) and this study have concentrated on studies of 
flow at low rates of shear and the flow curve when back extrapolated to 
the shear stress axis gives a measure of yield stress (Ly)(Figure 5.27). 
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Figure 5.27 Schematic diagram of interpretation of the "yield 
stress". 
A plot of yield stress versus volume concentration of solids 
(Figure 5.28) shows that as concentration increases so does the value of 
the yield stress. The general pattern exhibited by the materials studied 
in the cone and plate rheometer indicates close similarity to results by 
other workers given the fact that source materials, testing instrument, 
and procedures of testing were different . 
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Figure 5.28 Yield stress versus volume concentration of clay 
slurries. 
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The torque decay or shear stress decay with time found with all 
test materials other than "Tepene", has been observed by Cheng and 
Richmond (1978) and Cheng (1984). These authors also found that with 
successive runs, values of torque generally decrease. Similar patterns 
were observed in this study up to about 50% Cw (27% Cv), but at 55% Cw 
(31% Cv) successive runs exhibited increases in torque at each speed 
setting. Similar findings are reported by Cheng (1984) though for a 
different material - polystyrene spheres (Cv = 57%, D = 460 ~) in 
glycerol-water. It seems clear that a structural change, possibly floc 
formation or plate alignment, causes this change in torque values. 
5.4.2 Clay-grain mixtures 
The behaviour of clay slurry-grain mixes (Figure 5.8) shows 
similarities to the behaviour of some of the artificial grain-fluid 
mixtures. Fluctuations in torque values at these high solids 
concentrations, generally at all speed settings, indicate the inherent 
poor reproducibility identified by Cheng (1984) as concentration 
increases beyond 40 to 50% Cv. The fact that this is not confined only 
to large particles but is also found for fine particles may be explained 
in terms of phase separation (i.e. particle migration, changes in local 
solids concentration or changes in particle packing density or 
structure) which occurs during flow. It is obvious in the case of coarse 
grains (3 mm glass beads) in a thin clay slurry, that at low rotational 
speeds the flow curve is characterised by the liquid slurry phase only, 
while the contribution of grain interaction to the overall shear stress 
is only exhibited at high rotational speeds (du/dy > 10 s-l). The 
behaviour of rapid rise/fall in torque values analogous to the 'cutting 
of the hole' phenomenon might be explained by what Patzold (1980) 
described as constriction formation and air being sucked into the 
sample. It is clear that this phenomenon is due to some form of gross 
structural change within the sample, but the exact nature of this is not 
known. 
The flow curve C (Cw = 80%, Figure 5.9) in which shear stress 
falls with increasing shear rate might be explained in terms of packing 
structure changes in response to interparticle forces in the sample. 
Cheng (1984) found that above a certain value of Cv the torque actually 
decreases suggesting that there is a maximum Cv for a particular 
particle size and material (see Cheng 1984 Fig.13). He also found 
(unexpectedly) that beyond Cv = 60% the torque rose again, and concluded 
that perhaps not enough time had been allowed for steady state to be 
reached. 
101 
The sort of behaviour sho~n in this curve might also be explained 
by some form of grain slip analogous to the 'cutting of the hole' 
described above, or might be due to a rigid zone of locked particles 
such that the actual shear took place in a thin layer adjacent to the 
lid rather than across the full sample depth (see observations, Section 
5.3.2). 
5.4.3 Grain-fluid mixtures 
The data from these experiments display many of the features of 
concentrated-dense suspension rheological behaviour summarised by Cheng 
(1984). 
To summarise, the flow curves of "fluid-only" fluids are either 
Newtonian or non-Newtonian. Non-Newtonian fluids may exhibit a yield 
stress, have a linear shear stress-shear rate relationship (Bingham 
plastic), or a non-linear shear stress-shear rate relationship (plastic 
or pseudoplastic). The flow curves of grains in very thin (low 
viscosity) fluids, neutrally buoyant or not, generally show non-linear 
shear stress-shear rate relationships (dilatant) with or without a yield 
stress. 
The flow curves of grains in viscous fluids are more complex than 
merely combining the flow curves for "fluid-only" fluids and those of 
grains in fluids. 
If the experimental results are combined, it is possible to see 
the effects of such variables as density difference (solid/liquid), 
particle size, and interstitial fluid viscosity on the flow curves and 
apparent viscosities. 
Density effects 
Figure 5.29 shows flow curves of two particle types with 
different viscosity interstitial fluids. Where density difference (ag-
p) is small, the corresponding shear stress at a given shear rate and 
grain concentration is larger than for a large density difference. This 
is because dispersion is more readily achieved where density difference 
is small and the stresses caused by particle collisions are not 
dissipated easily. In the case where a large density difference exists, 
dispersion was not complete because the viscosity of the interstitial 
fluid and/or the magnitude of the dispersive stress was not high enough 
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to stop the settling out of particles. 
Shear thickening behaviour is less apparent where the difference 
between solid and fluid densitie~ is small. Flow curves for PVC show 
more shear thinning characteristics indicating that perhaps the 
viscosity of the interstitial fluid is as important as the grain-grain 
interaction in contributing to the total shear stress. The lower density 
grains would not generate as much kinetic energy as more dense grains of 
a similar size during collisions. This latter energy would be less 
easily dissipated and available to further aid dispersion and contribute 
to total shear stress. The curves for glass beads indicate a much 
reduced total shear stress though shear thickening is more apparent, 
particularly at shear rates exceeding 7 S-I. 
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Figure 5.29 Flow curves - PVC granules and Glass beads in 
(a) 0.5% CHC 
(b) 1.0% CHC. 
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Size effects 
Figure 5.30 illus~rates flow curves of two particle types 
of similar density. In both cases the larger particle size shows greater 
shear stress at a given shear rate and particle concentration than the 
smaller particle size. This is probably due to excess kinetic energy 
derived from grain-grain interaction not being so fully dissipated by 
the interstitial fluid. Shear thickening behaviour becomes apparent at 
shear rates greater than 7 S-1 in the lower viscosity fluid though in 
the higher viscosity interstitial fluid the onset of shear thickening is 
at lower shear rates. 
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Figure 5.30 Flow curves - 3 mm glass beads and 4-5 mm pebbles in 
(a) 0.5% CHC 
(b) 1.0% CHC. 
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If the viscosity of the interstitial fluid exceeds some value 
(unknown), then the behaviour of the mix reflects the viscosity and flow 
characteristics of the interstitial fluid. Only when sufficient energy 
is supplied (i.e. shear rate increased ~ 10 s-I) does grain-grain 
interaction give rise to shear stress increases (Figure 5.31). The curve 
for 50% Cv pebbles is not representative and represents experimental 
difficulties and air entrapment problems previously outlined. 
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Figure 5.31 Flow curves - 3mm glass beads and 4-5mm pebbles in 
2.0% CHC. 
105 
Interstitial fluid viscosity effects 
Figure 5.32 shows the flow curves of PVC grains in fluids 
of different viscosities. As one might expect, an increase in fluid 
viscosity gives rise to an increase in shear stress. In the two cases 
where CMC fluids are used the flow curves exhibit shear thinning 
(pseudoplastic) characteristics. This might be explained in terms of the 
interstitial fluid absorbing the collisional energy of the grain-grain 
contacts adding to the overall shear stress. In the case of the lower 
viscosity carry fluid (water) the collisional energy is not dissipated 
entirely by the fluid and the curve exhibits shear thickening 
characteristics beyond a shear rate of 5 S-1. 
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Figure 5.32 Flow curves - PVC granules in different fluids. 
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In figures 5.33 and figure 5.34 the flow curves generally show 
shear thickening behaviour with complex behaviour being shown in the 
case of the very high viscosity interstitial fluid. If the viscosity of 
the interstitial fluid is too high the contribution of the grain-grain 
interactions to the flow curve is masked by the fluid behaviour. 
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Figure 5.33 Flow curves - 3 mm glass beads in different fluids. 
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Figure 5.34 Flow curves - 4-5 mm pebbles in different fluids. 
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If the values of the dimensionless shear rate groups, G2 and N, 
(Bagnold 1954, 1956) are calculated for the experiments carried out in 
this set of experiments (Table 5.2), it can be seen that in all cases, 
except where water is the interstitial fluid, flow falls into what 
Bagnold called the macro-viscous region. It is obvious then that where 
ag-p is small and/or where the interstitial fluid viscosity is low 
(approaching that of water), flow may be other than macro-viscous i.e. 
inertial or transitional. However, though the values of G2 are less than 
100 they are extremely small. This would seem to indicate that 
not be particularly useful when interstitial fluid viscosities 
significantly greater than water as for most sediment transport 
processes. 
G might 
become 
------------------------------ 5.1 
where 11 
L 
y 
N )..0.5 a D2 y g 
interstitial fluid 
shear stress at 
shear rate 
------------------------------ 5.2 
viscosity at y 
).. linear concentration of grains (related to Cv) 
D grain size 
ag = density of solid 
! 
1,---
c. 
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Table 5.2 Bagnold parameters 
Solid Water(±salt) 0.5% CMC 1.0% CMC 2.0% CMC 
G2 N G.! N G2 N G::! N 
Polystyrene 
y = 1.81 781.0 22.98 * * * * * * 
y = 12.70 16018 161 * * * * * * 
PVC 
Y = 1.81 180 60.31 0.024 0.09 0.01 0.018 * * 
Y = 12.70 75600 423.7 0.189 0.42 0.10 0.192 * * 
Glass 
Y = 1.81 * * 0.020 0.15 0.002 0.035 0.0002 0.004 
Y = 12.70 * * 0.070 0.71 0.049 0.364 0.0043 0.079 
Pebbles 
Y = 1.81 * * 0.090 0.384 0.013 0.078 0.0007 0.006 
Y = 12.70 * * 0.073 1.803 0.269 0.819 0.023 0.127 
D (m ) C1g (kg.m-
3) 
Polystyrene 0.002 1200 
PVC 0.003 1400 
Glass beads 0.003 2650 
Pebbles 0.0045 2650 
* = experiment not carried out, 
Grain shearing will be macro-viscous if G2 < 100 and N < 40 
The relationship between G2 and N for materials tested in this 
study (Figure 5.35) exhibit similar gradients to Bagnold's (1954) curve 
at A = 11, with departure occurring only in the case of the very high 
viscosity interstitial fluid. It is worth noting that Bagnold's high 
viscosity fluid is 100 to 1000 times less viscous than the fluids used 
in this study. 
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Figure 5.35 Plot of G2 and N for various mixtures of fluids 
and grains. 
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5.4.4 Fresh concrete 
The flow curve data obtained from the prototype rheometer 
indicate some similarities with results found by other workers. The 
data, though sparse and somewhat inconclusive, could well fit a Bingham 
model of flow. The Bingham model seems to be the most popular flow model 
in the concrete-rheology literature (Tattersall 1971; Tattersall and 
Banfill 1983; Murata and Kikukawa 1973). Most workers have carried out 
tests on high workability mixes i.e. sloppy mixes, high water contents, 
and there is no report of successful use of coaxial cylinders viscometer 
for concretes having workabilities in the range of normal structural 
concretes. Even apparently successful work has given results that differ 
by orders of magnitude (see Table 5.3). 
Table 5.3 
Author 
Uzomaka 
Murata & Kikukawa 
Moringa 
Sakuta et al. 
This study 
Results of tests on fresh concrete 
(a) Coaxial cylinders viscometer 
11 (Pa.s) LO (Pa) 
1750 - 7570 90 - 800 
(recalculated) (recalculated) 
150 - 300 5 - 50 
600 - 6000 ------
60 - 200 14 - 20 
(b) Prototype rheometer 
160 - 370 90 - 100 
Figure 5.36 compares flow curves obtained by Uzomaka (1974) in a 
coaxial cylinders viscometer and from the present prototype rheometer. 
Uzomaka's original values of shear stress have been reduced by a factor 
of 4 in response to an error in his original analysis pointed out by 
Tattersall and Banfill (1983, page 69). 
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Figure 5.36 Flow curves - fresh concrete. 
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The mixes whose flow curves are shown above were approximately 
similar. Because only 2 runs were carried out, and also because of 
problems with compaction already outlined, continual shear at constant 
speed was not able to be investigated. Consequently evidence of 
structural breakdown as indicated by decreasing torque values could not 
be seen. The discrepancy between the two curves in Figure 5.35 is not 
surprising given that they were only approximately similar and any small 
variation in water content might affect the value of torque measurement 
to a significant degree. The fact that the two curves were similar in 
shape indicated that the prototype rheometer performed as expected. 
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5.5 SUMMARY AND SYNTHESIS 
The experiments carried out and the results herein reported 
confirm many of the findings reported by Cheng (1984) for dense 
suspensions. The range of materials and the concentrations studied give 
results which are similar to those reported by other workers. One 
significant difference between these experiments and those carried out 
by other workers is the maximum grain size tested. Most previous studies 
have limited grain size to less than 1 mm with only a few studies 
looking at grains as large as 2 mm. In this study most grains were 2 mm 
or larger and the behavioural characteristics of mixtures found with 
much smaller grains can also be seen in mixes with larger grains. This 
in itself indicates the validity and usefulness of the model rheometer 
in testing materials with grain sizes up to 5 mm or larger. 
Given that viscometric comparisons between workers are fraught 
w~th many problems the results indicate an overall similarity both in 
magnitude and behaviour to results of other workers and provide some 
confidence in the data derived from debris flow materials to be reported 
in Chapter 6. 
In summary, the groups which show similar flow curve behaviour 
(though not necessarily at the same Cv's) are: 
clays fluid-only (non-Newtonian) / 
clay slurry and fine grains = high n fluid-only 
and low crg grains = high n fluid and high crg grains 
medium n fluid 
clay slurry and coarse grains 
fluids and medium - high crg grains 
low n fluids and grains low n 
The generalised flow curves outlined below might help explain the 
curves of debris flow materials obtained from the large prototype 
rheometer. 
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The following then, are generalised flow curves for "ideal" 
groups of materials obtained from this and other studies (Figure 5.37). 
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Figure 5.37 Generalised flow curves for different combinations 
of fluids and grains. 
CHAPTER 6 
RHEOLOGY AND PHYSICAL PROPERTIES OF DEBRIS FLOY MATERIALS 
6.1 SAMPLE LOCALITIES 
6.1.1 Introduction 
The choice of sample localities was dictated by the following 
considerations: 
(a) proximity to research facility 
(b) frequency of event occurrence 
(c) access to the site 
(d) finance to transport materials 
(e) familiarity of researcher with site 
(f) documented history of debris flows at site 
114 
Two localities were chosen. Only one locality met all the above 
criteria and could supply enough material to test in the full scale 
rheometer. However, materials from both localities were tested in 
various ways and the two debris flow materials had sufficiently 
different source lithologies to show rheological contrasts. 
6.1.2 Tarndale Slip - Mangatu Forest, North Island, NZ 
History 
The historical background to the severe erosion in the 
Waipaoa River catchment, in which Mangatu Forest is situated (Figure 
6.1), and the subsequent attempts at controlling the erosion, have been 
outlined by e.g. Allsop (1973) and Gage and Black (1979). The Tarndale 
Slip forms part of the Te Weraroa catchment, the first catchment in 
which control measures were attempted. Figure-6.2 illustrates the 
general features of the Tarndale Slip, which has been the subject of 
several investigations aimed at identifying ways of remedying erosion 
(e.g. Claridge 1961; Gage and Black 1979; Pearce et al. 1981; Zhang 
1986) . 
! 
I 
Figure 6 . 1 
Figure 6.2 
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Location map of Tarndale Slip . 
Oblique aerial view of Tarndale Slip - 1961. 
Photograph by J. Johns formerly N.Z. Forest Service. 
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Debris flows develop as shallow landslides in the gully head wall 
of the Tarndale Slip, where clay rich stoney regoliths are easily 
.mobilised by the addition of small amounts of water because the water 
content of regolith materials is close to that of sampled debris flows 
(Zhang 1986). Even during sunny days, small debris slips can be observed 
at ground water seepages and these often develop into small debris 
flows. Under heavy rainfall conditions, larger debris slips and flows 
are triggered and in general the greater the intensity of rainfall, the 
larger will be the debris flow. Large debris flows scour the deposits 
from previous events and increase the discharge enabling the flow to 
proceed farther downstream. These larger viscous debris flows occur on 
average several times a year. Typical physical characteristics of 
sampled debris flows are presented in Table 6.1 (Zhang 1986). 
Table 6.1 Physical characteristics of sampled debris flows and 
source materials of Tarndale Slip (after Zhang 1986) 
Source Bulk density dso Gravel Ylater content 
( tonnes . m-3) (mm) (%) (%) 
Debris flow 2.07 2.8 55.6 21.03 
Debris slip * 1.9 49.44 17.29 Debris slip * 2.6 59.49 19.14 
Regolith 
upper slopes * * * 11.74,10.61 Regoli th 
lower slopes * * * 17.7 ,19.14 Alluvial 
terrace * * * 12.68,10.33 
* data not available 
Typically both source materials and flov materials have about 50% 
by weight of gravel sized material (> 2 mm) and about 8% of clay sized 
material. The grain size distribution of the debris flow, the source 
materials, and the debris flow deposits are broadly unimodal with modal 
sizes of -4~(16 mm) to -1~(2 mm). Ylater constitutes up to about 20% of 
the total weight of samples. 
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Material selection and observed physical properties 
Sampled debris flow materials were generally from small 
debris flows (depths of decimetres rather than metres). The following 
observations were made by Dr M. Marden (Forest Research Institute, 
Gisborne, pers.comm.) who collected the materials. The samples were 
taken from channelised debris flows which generally only travelled 
several tens of metres down channel before coming to a halt. Snout 
heights were up to 10 cm and the larger surges overtopped active 
channels and spread onto dry surfaces of older debris flow deposits 
where they slowed and halted, maintaining their steep frontal lobate 
profiles. The flows were generated as water emerged from seepage zones 
and each comprised more than one pulse. In general the first pulse was 
the largest and was followed by a succession of smaller pulses at 30 to 
50 cm intervals (3 to 5 seconds apart) and occasionally a later larger 
pulse overran smaller slower moving pulses. Observation of flow 
materials indicated a predominance of material less than 2 cm diameter 
with an occasional clast up to 10 cm. Larger material appeared to be 
rolled along the bed while smaller material was picked up and 
transported wholly in suspension. Flow velocities ranged from 0.3 to 1.0 
ms-1 for small debris flows and 0.1 to 1.2 ms- 1 for the largest flows 
observed. 
Samples from 5 debris flow events were collected for analyses. 
Events occurred on 2.11.86, 8.12.86, 14.12.86, 17.7.87, and 21.11.87. 
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6.1.3 Bullock Creek - Mt Thomas, South Island, NZ 
History 
The south-eastern face of Mt Thomas (Figure 6.3) was 
regularly burned and graized since the first pastoral lease was issued 
in 1851 until the NZ Forest Service purchase in 1969 when a programme of 
exotic tree planting was undertaken. 
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Figure 6.3 Location map of Bullock Creek, Mt Thomas. 
Eroding gullies (Figure 6.4) have been present on Mt Thomas for 
several tens of thousands of years (Mosley 1978) and debris flow 
material is seen in fan deposits in low spurs and hills along the 
mountain front. 
In more recent times, however, debris flow deposition on the 
Bullock Creek fan correlates with large rain storms in 1923, 1941, 
1945(?), 1951, at least once in the 1960's, 1971, 1972, 1973, 1974, and 
1978 (Pierson 1980). Since 1923 the area of actively eroding ravine in 
the middle catchment has more than doubled and the head of the active 
fan has aggraded at least 15 m. 
Figure 6.4 Oblique aerial view of Bullock Creek, Ht Thomas. 
Photograph by T.C. Pierson, 1978. 
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Headward erosion in the ravines might have been augmented by an 
earthquake in 1948, which, from the memory of one resident, was 
responsible for the appearance of the tension cracks around the ravine 
rim. Apart from attention by Catchment Board and Forest Service staff 
whose principal aim was to control the erosion, little detailed study on 
the flows themselves was carried out until the storms of 14 to 23 April 
1978 (Pierson and Mosley 1978; Mosley 1980; Pierson 1980, 1981). 
Beginning 14 April 1978, three increasingly severe rain storms, 
in which a total of 325 mm of rain fell, caused erosion and deposition 
of 195 000 m3 of debris by debris flows on the fan. It appears that the 
short term rainfall intensity was not the key ractor in triggering the 
debris flows, but rather the exceptionally long duration of steady 
rainfall (Pierson 1980). Debris flow activity lasted three days, in 
which the middle ravine discharged a slurry of mud, sand, and gravel on 
to the lower part of Bullock Creek fan. The maximum distance travelled 
by the flows was 3.5 km and discharges during the surges varied between 
10 and 20 m3.s -1• A detailed description of the flows is given in Pierson 
and Mosley (1978) and Pierson (1980) . Physical properties of the April 
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1978 debris flows are summarised in Table 6.2. Flows contain as much as 
70% by weight of gravel, only 4% of clay sized material, and have water 
contents of about 22%. Flow materials are extremely poorly sorted and 
have a mean bulk density of 2.08 tonnes.m-3 compared with between surge 
materials of 1.73 tonnes.m-3• 
Property 
Bulk density (g cm--3) 
Density of solids (g em-I) 
Water content (wt %) 
Composition by weight (%): 
Clay 
Silt 
Sand 
Gravel 
Dominant clay minerals 
Mean value for 
flow material sampled 
between surges 
1'73 
40 
11 
15 
54 
20 
lIIite 
2-70 
Mean value for 
flow material sampled-
during surges 
2'08 
22 
4 
6 
20 
70 / 
Non-swelling chlorite 
Kaolinite 
Properties of interstitial pore fluid: 
Clay/silt (by wt) 0·80 
(range 0'69-0'95) 
Clay content (wt %) 16 
(range 11-20) 
Clay+silt content (wt %) 26 
(range 19-32) 
Fluid densities (g em-B): 
Clay + water 1·09 
(range 1'07-\·\2) 
Clay+silt+water \'20 
(range \'\3-\'26) 
0·72 
(range 0·61--0'82) 
21 
(range 17-29) 
33 
(range 30--39) 
\·12 
(range 1·\0--1·16) 
\·27 
(range \'25-\'33) 
Table 6.2 Physical properties of Bullock Creek debris flows 
(Pierson 1980). 
Material Selection and observed physical properties 
During August 1986 debris flows occurred in response to rainfall 
of 150 mm between 8 August and 9am on 11 August. The flows were observed 
early and mid morning on 11 August by NZ Fore~t Service staff stationed 
at Mt Thomas and ceased flowing due to cessation of rain on the 11 
August. The writer carried out an inspection of the deposits and the 
transport zone on the 12 August. Material for later analysis was 
collected at this time. 
,;:: .... 
I" 
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Flows were generally 0.3 to 1.0 m thick and did not travel more 
than about 50 m below the Lundy Road crossing. Maximum boulder size 
observed in the flows was 0.6 x 0.5 m and all coarse boulders observed 
were "resting" on top of surge deposits or more rarely at lateral 
margins. Most material greater than 100 mm was composed of very angular 
blocks of sandstone. Individual surge deposits were obvious, having 
steep lateral margins and lobate fronts (Figure 6.5). 
Figure 6.5 Surge deposits showing coarse material at the front 
of the flow. 
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Material collected for later analysis in the small rheometer 
included the fine slurry component and also material from within a 
surge. Clasts larger than about 60 mm were removed (see Figure 6.6). 
A further episode of activity occurred on 22 August but produced 
only four surges following 40 mm of overnight rain. These surges were 
about 8 m wide, 0.6 m high and moved at about 3 ms-] (NZFS staff pers. 
comm.). The flows moved across Lundy Road and halted about 20 m below 
the road crossing. Material from these surges was collected in February 
1987 for testing in the large rheometer. 
Figure 6.6 Surge deposits - Note coarse material at lateral 
margins and large boulder~ on the surface of the 
flov. Trovel is about 30 cm long. Fine material in 
the foreground vas sampled for testing in the model 
rheometer. 
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6.2 METHODS OF ANALYSIS 
6.2.1 Grain size and related properties 
Grain size analyses (Folk 1968) were carried out on 
representative splits of collected samples. Tarndale Slip samples and 
Bullock Creek "fines" were stirred with a power stirrer prior to sample 
splitting. Water content and solids content were determined by moisture 
loss at 105 degrees C for 24 hours. Organic matter contents were not 
determined. 
6.2.2 Flow curve determination 
"Fines" . 
Apparent viscosity and flow curve determinations were 
carried out on collected materials with clasts coarser than about 35 mm 
removed. This removed size range accounted for less than 1% of the total 
weight and was the upper size limit for the model rheometer. Procedures 
as outlined in Chapter 5 were followed for these experiments. 
Fullscale mixes - Mt Thomas material only 
Flow curve determinations were carried out on remoulded 
debris flow material re-mixed with a total solids concentration of about 
80 to 90% by weight. The sample was mixed in a mobile 1.5 m3 concrete 
mixer with material coarser than about 120 mm removed (see Appendix II). 
Individual torque readings were logged at pre-determined 
intervals (0.5 or 3.0 seconds) over a fixed time period (10 s or 60 s ) 
with the speed of rotation kept constant. Following the logging period 
the speed was increased and a new set of readings taken. 
i 
I···· 
I 
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6.3 RESULTS 
6.3.1 Tarndale Slip 
Grain size 
Grain size characteristics are illustrated and listed in 
Figure 6.7 and Tables 6.3 and 6.4. Samples are either muddy sandy 
gravels or gravelly muddy sands. Water contents range from 25% down to 
17% by weight (mean 21.3%). Clay contents vary from 6 - 11% with a mean 
of t.7%, though the variation of mud (sil t+clay) is more marked (12 -
23%). Samples are very poorly sorted or extremely poorly sorted; have 
grain size distributions which are fine-skewed or strongly fine-skewed, 
and mean grain sizes ranging from 0.5 to 1.2 mm. Sediments are broadly 
unimodal, though a secondary mode may be present in the clay fraction 
(~igure 6.8). Plotting grain size distributions on non-cumulative log-
log plots can help differentiate those flows in which pulsing is likely 
to occur (Davies 1986). 
Table 6.3 Textural characteristics - Tarndale Slip. 
Sample %Gravel %Sand %Mud %Silt %Clay Sand: Mud Clay: Sil t %Water 
N3 40 37 23 12 11 1.61 0.92 20 
N5 22- 66 12, 6 6 5.5 1.00 17 
N6 26 58 16 8 8 3.63 1.00 25 
N7 49 36 15 9 6 2.40 0.67 20 
N8 44 37 19 12 7 1.95 0.58 24 
N9 42 42 16 9 7 2.63 0.78 21 
N10 54 29 17 8 9 1.71 1.13 22 
Samples N7, N9 are from the same flow 
Samples N8, N10 are from the same flow 
.. : ...... -..... -
mG 
gM 
(g)M 
sM 
G - gravel 
sG - sandy gravel 
msG - muddy sandy gravel 
mG - muddy gravel 
gS - gravelly sand 
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gM - gravelly mud 
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(g)mS - slightly gravelly muddy sand 
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M - mud 
Figure 6.7 Ternary diagram following Folk et al. (1970) 
of debris flow texture. 
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Figure 6.8 Grain size distribution of Tarndale Slip debris flow 
samples. 
Table 6.4 Statistical grainsize parameters (Folk 1968) for 
Tarndale Sli p samples. 
Md Mz (11 SkI KG Modes(mm) 
-0.2 (1. 2) 1.0 (0.5) 4.29 0.429 1.06 0.024,1. 5,8 
-0.6(1. 5) -0.1 (1.1 ) 2.99 0.664 1.653 0.024,2.7 
0.2(0.9) 0.97(0.5) 3.39 0.474 1.721 0.002,1.4 
.:. 
-0.9(1. 8) -0.17 (1. 2) 3.61 0.51 1. 26 0.024,2.7 
-0.6(1.5) 0.43(0.7) 3.68 0.39 1.052 0.024,1.4,8 
-0.5(1. 4) 0.30(0.8) 3.46 0.27 1.19 o . 001 , 1. 4 , 8 
-0.3(1. 3) 0.30(0.8) 3.80 0.29 1.19 0.002,2.7,5.5 
Values for Md and Mz are in Phi units 
Values in brackets are corresponding size in mm. 
!" ~.' . ' 
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Figure 6.9 shows a ternary plot of the constituents of debris 
flow materials. All samples cluster fairly close together with N6 
falling into the zone of transitional flow as defined by Pierson and 
Scott (1985). 
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Figure 6.9 Ternary diagram of debris flow constituents. 
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Rheology 
Mean flow curves are shown in Figure 6.10. Sample N6 
shows a much lower near-linear curve than the other samples. This is 
attributed to the higher water content of this sample and consequently 
this flow can best be described as transitional in Pierson and Scott's 
(1985) terminology. 
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Figure 6.10 Mean flow curves - Tarndale Slip samples. 
16 
I 
1- '-.----
1-----,·-· 
fc::::::':~.::::: 
129 
All curves exhibit increases in shear stress with increasing 
shear rate and generally display complex flow curves i.e. combinations 
of both shear thinning and shear thickening. Back extrapolations of 
curves to intercepts on the shear stress axis indicate the existence of 
yield stresses in the range of 15 to 140 Pa. Individual flow curve 
determinations show a wide scatter as indicated in Figure 6.11. In 
virtually all cases the shear stress at a given shear rate was greater 
for each subsequent run on the same sample. 
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Figure 6.11 Sample N3 showing variation of shear stress with 
successive runs. 
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Figure 6.12 shows the apparent viscosity function for the 
Tarndale Slip samples. Apparent viscosities are shear rate dependent and 
samples with water contents less than about 23% by weight show a decline 
in apparent viscosity up to a shear rate of about 6 or 7 s-1 and then a 
gradual increase as shear rate is further increased. Apparent 
viscosities range from as low as 0.4 - 60.0 Pa.s for higher water 
content samples e.g. N6, NB, to 4 - 104 Pa.s for samples with a lower 
water content e.g. N5. 
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Apparent viscosity functions for Tarndale Slip 
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6.3.2 Bullock Creek~ Ht Thomas 
Grain size 
Grain size characteristics are illustrated and listed in 
Figures 6.13, 6.14 and 6.15, and Tables 6.5 and 6.6. Like the Tarndale 
Slip samples texturally the Bullock Creek samples are either muddy sandy 
gravels or gravelly muddy sands. Yater contents of the fine fraction of 
the August lith 1986 flows are similar to the Tarndale ,samples. The 
gravel content of .the "fines" samples were only 5 - 9% by weight and the 
content of clay and silt considerably higher (22 - 24%). Sediment grain 
size distributions are bimodal with modes occurring in the sand 
fraction. The distributions are finely skewed and are very poorly 
sorted. 
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(g)M 
sM 
MUD 1:9 
G - gravel 
sG - sandy gravel 
msG - muddy sandy gravel 
mG - muddy gravel 
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(g)mS - slightly gravelly muddy sand 
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M - mud 
Figure 6.13 Ternary diagram of debris flow texture for Bullock 
Creek samples. 
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Table 6.5 Textural characteristics - Bullock Creek. 
Sample %Gravel %Sand %Mud %Silt %Clay Sand:Mud Clay: Silt %Water 
N1 9 67.0 24.0 14.0 10.0 2.79 0.71 18 
N2 5 73.0 22.0 13.0 9.0 3.32 0.69 19 
Full 73 20 7.0 4.0 3.0 2.86 0.75 11-12 
Pierson 
(av. 1980) 72 17.5 10.5 5.0 5.5 1.67 1.10 * 
Sample 
N1 
N2 
Full 
Table 6.6 Statistical grain size parameters (after Folk 1968) 
for Bullock Creek samples. 
Md Mz (11 SkI KG 
2.1(0.25) 2.47(0.18) 3.29 0.287 1.37 
2.0(0.30) 2.37(0.20) 2.89 0.339 1. 50 
-3.5(11.0) -2.7 (6.3) 3.59 0.37 1.07 
Values for Md and Mz are in phi units 
Values in brackets are corresponding sizes in mm. 
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Figure 6.14 Grain size distributions for Bullock Creek samples.' 
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Figure 6.15 Ternary diagram of debris flow constituents -
Bullock Creek. 
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Rheology 
"Fines" 
Mean flow curves are shown in Figure 6.16. All curves 
exhibit increasing shear stress with increasing shear rate and curves 
could be best described as complex. Individual flow curve determinations 
show a wide scatter (Figure 6.17) as was observed for the Tarndale 
samples. 
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Figure 6.16 Mean flow curves - Bullock Creek debris flow "fines". 
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Figure 6.17 Flow curve for N1 showing variation in shear stress. 
The sample N4 (Cw = 83%) is the same as N2 (Cw = 81%) but with a 
slightly reduced water content. It is obvious that the flow curve is 
extremely sensitive to very slight changes in~water content as seen by 
the difference between N2 and N4. Apparent yield strengths are in the 
range of 50 - 300 Pa. 
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Figure 6.18 shows the apparent viscosity functions for the 
Bullock Creek "fines". Viscosity is shear rate dependent and ranges from 
about 20 Pa.s at higher shear rates to 238 Pa.s at lower shear rates. 
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Figure 6.18 Apparent viscosity functions for Bullock Creek 
"fines". 
".-.- 0:- .•... --
'-,-, . ',' 
t-_-
137 
"Fullscale mixes" 
Figure 6.19 displays the logged shear stress data and the flow 
curve envelopes or flow band for Run 1. As expected, there was a wide 
variation in shear stress at each increment of shear rate. Each point 
represents a stress/shear rate determination logged at 3 second 
intervals over a period of one minute. The flow curve shows a complex 
trace with a gradual decline in shear stress with increasing shear rate 
up to about 2 s-1 (1Srpm). 
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Figure 6.19 Shear rate versus shear stress Run 1 and flow 
curve envelopes. 
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Figure 6.20 shows the variation of shear stress with time over 
the 1 minute logging period. No consistent pattern of shear stress 
variation with time is recognised i.e. shear stress does not decline or 
rise over the logging period. The sharp peaks and troughs possibly 
represent collision/release of large particles with the measuring 
annulus. 
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Figure 6.21 illustrates the logged shear stress data and flow 
curve envelopes for Run 2. Like Run 1, shear stress shows a wide 
fluctuation in magnitude. The curve for Run 2 shows a similar trend to 
Run 1 in that the shear stress declines initially and then increases 
beyond about 2 s-l (Figure 6.23). 
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Figure 6.21 Shear rate versus shear stress Run 2 and flow 
curve envelopes. 
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Figure 6.22 shows the variation with time over the logging period 
for Run 2. Note, the logging period was 10 seconds and the data were 
logged at 0.5 second intervals. 
Similar patterns to Run 1 were observed, with shear stress 
showing wide variation. 
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Figure 6.22 Variation of shear stress with time over each 10 
second logging period - Run 2. 
The magnitude of shear stress values for both runs are similar 
and the two flow bands show similar features. Apparent viscosities for 
the two runs show a dependence upon shear rate (Figure 6.24), as one 
would expect, and values range from as low as 300 Pa.s up to 1800 Pa.s. 
The highest apparent viscosities were observed at the lowest shear 
rates. 
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Figure 6.23 Flow curve bands for Runs 1 & 2 Bullock Creek 
fullscale mix. 
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Figure 6.24 Hean apparent viscosity functions Runs 1 & 2 Bullock 
Creek fullscale mix. 
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Yith continuous rotation fine material was observed to 'ooze' out 
of the annular seal gaps and at the outer seal. It was also observed 
that dispersion of coarse grains was taking place, particularly at the 
higher rotation speeds. This was seen when the small filling hatch 
covers were removed and grains up to 80mm were seen 'jumping' out of the 
hole. 
Yhen the rheometer was turned on and the power to the hydraulic 
drive increased to the point where the yield stress was just exceede~ a 
pressure gauge measuring dispersive pressure on the measuring annulus 
and the central frame recorded a momentary value of 6700 kPa (1000 psi) 
and then returned to a value of about 3500 kPa as the bowl began to 
rotate at low speed (Run 1 only). Continual measurement of dispersive 
pressure was not able to be achieved because of difficulties with the 
gauge mount and vertical fluctuations of the measuring annulus. It was 
observed that the qial gauge recorded momentary highs as large particles 
carne into contact with the lid. These particle contacts were audible as 
loud thumps or banging noises. As the experiment progressed, and as 
"fines" escaped from annular seal gaps, the pressure on the gauge 
reduced. 
Yhen the runs had been completed and the lid removed, the 
material was examined to determine if any segregation or phase 
separation had taken place. Generally the material appeared to be well 
mixed in terms of distribution of coarse particles. However, it was 
evident that compaction of material at the outer wall increased the 
local bulk density at this point and hence reduced it elsewhere. Because 
of this variation in bulk density, the results of shear stress and hence 
apparent viscosity, particularly at the higher rotation speeds, are 
likely to be minimum rather than maximum values. 
:'.'. 
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6.4 DISCUSSION OF RESULTS 
6.4.1 Grain size characteristics 
Grain size distributions of the materials studied are similar to 
those reported by a large number of workers. Generally debris flow 
materials are poorly sorted with asymmetric grain size distributions. A 
wide grain size range from clay-sized material up to cobbles or boulders 
is typical. Clay and silt contents of the materials studied fall into 
the same range as .those of other debris flows. The grain size 
distribution of the fullscale Bullock Creek sample is very close to that 
found by Pierson (1981) for the same area (Figure 6.23). 
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Figure 6.25 Grain size distribution of Bullock Creek debris flow 
samples - this study and Pierson (1981). 
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The bimodal nature of high density flows as described by Davies 
(1985, 1986) which is indicative of flows capable of developing roll 
waves and surges is partially found in the distributions but is by no 
means as clear cut as in the Chinese examples reported by Davies. 
6.4.2 Apparent viscosities 
The extreme range of viscosities of debris flows reported in the 
literature (see Table 2.4), obtained either on remoulded fine fractions 
of flow materials or calculated using one or more of the methods 
outlined in section 2.5.1, is partly reflected in the range of 
experimental results. It is obvious that apparent viscosity is extremely 
sensitive to water content. A change of only 2% by weight of water can 
alter the apparent viscosity by a factor of 5 e.g. N4 & N2 (see Figure 
6.18). Similarly for the Tarndale Slip samples a 1% change (N7 & N9) 
alters the viscosity by a factor of 2. 
The apparent viscosities obtained from the fullscale mix in the 
large rheometer (R1 & R2) are of a similar order of magnitude as those 
calculated by Pierson (1981) except for the lowest shear rates 
« 1.5 s-l). The viscosities at these low shear rates are up to about 
2000 Pa.s, a similar order of magnitude to those calculated by a number 
of workers (e.g. Curry 1966; Cooley et al. 1977). However, if shear rate 
is taken into account when comparing apparent viscosities, which for 
non-Newtonian fluids should always be done, then these calculated values 
at mean rates of shear equivalent to those at which Pierson's (1981) 
calculations were made (assuming a mean shear rate can be approximated 
by dividing velocity by depth- see section 3.1.2), are considerably 
greater (lor 2 orders of magnitude). 
This shows that apparent viscosities alone are not particularly 
useful as a means of comparing individual debris flows. The fact that 
apparent viscosity is extremely sensitive to shear rate and the physical 
characteristics of the mix means that comparisons can only be made on an 
order of magnitude basis and the feasibility of adopting a 
classification based on viscosity is highly questionable. To be of any 
use apparent viscosities should be quoted with the the corresponding 
shear rate. 
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6.4.3 Yield strengths 
Yield strengths for Tarndale Slip debris flow samples are in the 
range of 15 - 140 Pa while those of the Bullock Creek 'fines' are 
slightly higher at 50 - 300 Pa. If the yield strength is plotted against 
volume concentration of solids (Figure 6.24) then a similar pattern to 
previous workers is seen. Yield stress (like viscosity) is very 
sensitive to solids concentration. For the fullscale mix, yield 
strengths are difficult to estimate as a back extrapolation of the flow 
curve appears to give an increasing value as shear rate is reduced to 
zero. A minimum value of 2000 Pa is suggested, but the figure could be 
as high as 3000 Pa. 
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Figure 6.26 Yield strength versus volume concentration of debris 
flow materials and muds. 
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The flow curves of R1 & R2 (Figure 6.23) exhibit a peculiar 
phenomenon analogous to that found for Calben (see Figure 5.7). At the 
lowest shear rates, values of shear stress actually declined following 
start-up and then some time period later (usually only a few seconds) 
reached an equilibrium value. The flow curves of R1 & R2 show a 
corresponding trend where, as rotation rate is increased from zero, the 
material slips or undergoes a packing/structure change, but as the rate 
is further increased the intergranular forces become more significant 
and grain-grain contacts cause the increase in shear stress. The 
difference between the curves for "Calben" and for R1 and R2 is that in 
the former the phenomenon is a short-term time effect reflecting a 
measure of the yield stress and/or the response of the balance. In the 
latter case the material is already flowing and the behaviour is more 
likely to be associated with structural changes within the sample. The 
flow curves as depicted in Figure 6.23 may be a small part of a flow 
curve that Davies (1985, 1986) proposed as being dilatant plastic 
behaviour, i.e. the extreme left hand side of the full curve shown in 
Figure 6.25. 
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Similar behaviour was found for fresh concrete mixes (Ukraincik 
1980, see Figure 2.6) wher~ the yield point has a higher torque value 
than that of the first rotation speed. This is explained by Ukraincik as 
concrete loosening i.e. a structural change followed by plastic flow. 
The other possible explanation is that the data refects 
experimental error or is in some way related to a machine peculiarity. 
However, as described in Chapter 3, every reasonable effort has been 
made to eliminate this possibility. 
6.4.4 Scatter of .data - Granuloviscous effects 
For the flow curves obtained from the model rheometer (Tarndale 
Slip samples and Bullock Creek 'fines') the degree of scatter of results 
for successive runs is not surprising. Although magnitudes of shear 
stress at given shear rates differ by up to 50% or so, the shape of the 
flow curves in all cases is remarkably consistent. 
The degree of scatter in the data and the fluctuations in torque 
values in both machines indicate the inherently poor reproducibility of 
high solids concentration materials (Cheng 1984). These granuloviscous 
materials (Cheng 1980) tend to show features of both granular and 
viscous behaviour,such as stick-slip behaviour and structural changes 
which bring about unpredictable viscosity change. They generally cannot 
be described by a unique flow curve, but rather require a flow band with 
mean values (Tilley 1980). 
6.4.5 Errors and reliability of data 
Given that viscometric comparisons are fraught with many 
problems, the data and the trends observed indicate that the viscometric 
system adopted is useful as a tool in studying the behaviour of high 
solids content materials under conditions of applied shear stress. 
Obviously there are limitations to the design which govern the physical 
dimensions of materials able to be studied and no doubt improvements can 
be made to the system design~ Although only four experiments were 
carried out in the large rheometer - two on fresh concrete and two on 
debris flow materials - the results are significantly different and fit 
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in reasonably well with the existing state of knowledge of these 
materials. Comparisons between the model and the prototype were not 
carried out, but from observation the consistencies of some Tarndale 
Slip samples, Bullock Creek 'fines', and the fresh concrete were similar 
as were their physical appearances, textures, and apparent viscosities. 
Errors in the magnitude of apparent viscosity for materials 
tested in the model rheometer were close to or less than ±10% (see 
section 3.4), except at very low rates of shear when variations in 
torque due to major structural changes within the sample occurred. 
In the large rheometer, time effects may be more important, so 
that although relatively good control of speed was achieved, torque 
variation showed wide scatter (up to 70% of mean value) and equilibrium 
values might not have been reached. It should be noted that this wide 
scatter in torque values is not representing any error but is a real 
phenomenon and is characteristic of granulo-viscous materials. Also, 
given the extreme sensitivity of shear stress measurement to such 
factors as solids content, grain size, and grain characteristics, the 
importance of the absolute value of the apparent viscosity becomes less 
significant. As long as the order of magnitude remains similar for 
similar-materials then some comparisons can be made. Perhaps more 
significant are the overall trends in the data i.e. the flow curve 
shapes. The fact that trends are similar for replicated samples and for 
samples with similar physical characteristics, and not all materials 
studied behaved in exactly the same manner, is indicative of the 
potential use fullness of the present viscometric system. It is also 
pleasing to be able to explain many of the observed behaviours in light 
of the current knowledge . obtained from work in much smaller, 
though more sophisticated standard viscometric systems. 
, ... ,-......... . 
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CHAPTER 7 
RHEOLOGICAL MODELS OF DEBRIS FLOV 
7.1 INTRODUCTION 
While it was not the specfic objective of this thesis to 
formulate a rheological model of debris flow, a secondary objective of 
the study was to comment on existing rheological models in light of the 
viscometric information obtained from the experiments. As pointed out in 
Chapter 2, rheologic models can only be formulated with some degree of 
certainty when the particulate mechanisms governing the process are 
fully understood. 
The intention of this chapter is to comment on current models of 
debris flow, bring together the information obtained from the present 
~iscometric experiments, and attempt to make a judgement as to the most 
suitable rheologic model for debris flow materials. 
As with the literature review in Chapter 2, strength-plastic-
viscous models will be discussed first followed by grain dispersive 
models. 
7.2 RHEOLOGICAL MODELS 
7.2.1 Strength-plastic-viscous models 
The Coulomb-viscous model and its later modifications, and the 
Bingham model essentially consist of a strength term and a viscosity 
term. The strength term ( c + cr tan. or k or ~y) is a time (or rate) 
independent term while the viscosity term (nb.du/dy) is a rate dependent 
term. Chen (1986 a&b) in his generalised viscoplastic model includes a 
further rate dependent term - the normal stress (or Weissenberg) effect 
term. In his model both the rate dependent terms disappear when flow is 
impending and the rate independent term expresses a limiting stress 
state characterised by the Mohr-Coulomb criterion. 
7.2.2 Grain dispersive or dilatant models 
From Bagnold's concept of dispersive stress (pressure) the shear 
stress of debris flow was related to the dispersive pressure and the 
dynamic angle of internal friction. Extension of this model by adding a 
I ~ 
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rate independent term (a yield stress) has been favoured by O'Brien and 
Julien (1984) and Davies (1985, 1986). Davies postulated a dilatant 
plastic model which he considered had a rheology similar to that of a 
Bingham plastic, particularly at higher rates of shear. At zero to low 
shear rates, the dilatant plastic model shows a decline in shear stress~ 
with increasing shear rate and then a gradual increase. Chen (1985) 
suggested Bagnold's model can only be useful in flows without many fine 
particles. However, Chen in his later analyses (1986 a&b) concludes that 
"unless one is specifically interested in modelling quasi-static or 
impending flows the selection of either the Bingham plastic model (with 
Chen's normal stress shear rate relation included) or Bagnold's dilatant 
model'for modelling debris flows may be justified in practice". 
Chen reached this conclusion by examining the velocity profiles 
predicted from both models and found that for practical purposes the 
difference between the two velocity profiles is negligible. Davies 
(1986) when proposing the dilatant fluid model considered viscous grain 
shearing, not inertial as had been assumed in most other studies. If the 
intergranular fluid is considered to be a slurry of clay particles, 
grains are able to disperse and the collisional energy is dissipated 
entirely by the intergranular fluid. This will only take place if 
sufficient fines are present to raise the viscosity of the intergranular 
fluid to a large enough value otherwise flow will be transitional or 
inertial. 
7.2.3 Implications from experimental results 
The intention of this study is to measure the rheological 
properties of debris flow materials by considering the behaviour of 
other groups of physical materials, thus providing a base from which the 
later results could b~ interpreted. The various groups of materials are 
now examined and the implications for debris flow rheology will b~ 
outlined. 
Fine grained materials 
The evidence from viscometric experiments on clays and 
dense fine suspensions indicates that these materials generally follow a 
plastic or Bingham plastic rheological model. Numerous workers who have 
investigated muds, clays, inorganic suspensions, fine slurry from debris 
flows, mortar and cement pastes, and fresh concrete mixes of high 
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workability, have all arrived at the conclusion that for most 
applications these plastic type models best describe the flow behaviour 
of these materials. Many workers did find however that departures from 
these models occurred at very low rates of shear (e.g. Wan 1982). While 
the results of the present material tests indicate a linear or near 
linear relationship between shear stress and shear rate, generally with 
a positive shear stress intercept (yield stress), the flow curves 
themselves probably represent the low shear rate departures observed by 
various workers (Wan 1982; Rickenmann 1988)(see Figure 5.27) and not the 
idealised Bingham model. 
The plastic models generally include a yield stress (strength) at 
zero strain rate which has to be exceeded in order for flow to take 
place. The closest analogy connecting this group of materials to the 
process of debris flow is that of mudflow - a term no longer favoured by 
someCe.g. Costa and Pierson (1987). Mudflows contain high percentages of 
~ine grained materials, silts and clays, and do not generally contain 
the more coarse clastic material associated with debris flows. These 
flows - an extension of hyperconcentrated flows into the region of 
extremely high sediment concentration (Cw > 75%)- behave in a similar 
fashion to clay slurries and fresh concrete under conditions of applied 
shear. The Bingham model, in particular, predicts a central raft or plug 
within the flow. It is the writer's opinion (and also that of other 
workers e.g. Iwamoto and Hirano 1981; Davies 1985, 1987) that this raft 
or plug is actually a region of very low shear rate, imperceptible in 
the time frame of the observer, but nevertheless a region which is 
undergoing shear. It is obvious that for flow to take place the yield 
stress has to be exceeded somewhere, and by definition once this stress 
has been exceeded then the material must be somewhere flowing and cannot 
remain as a totally rigid mass. If the raft were a zone of no shear then 
the material would be sliding on the base and can therefore not be 
flowing. 
While it may be useful in some instances to treat the flow as if 
a plug were present, e.g. for instantaneous dynamic analysis or for 
calculations of basal shear rate from observations of surface boulder 
motion, in the usual time frame of a debris flow it is not possible to 
treat the flow as a rigid plug. In considering for example the 
migrations of coarse particles within the flow, the fact that the 'plug' 
is really non-rigid is of the utmost importance. The use of the Bingham 
model for assessing the flow of mudslide plug flow within channels where 
the flow rates are extremely low (10-6 ms-1) has been demonstrated by 
i--;"."_ 
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Craig (1981). 
It is suggested then, that if debris flow materials contain 
clasts no larger than about 50 mm and have a high fines content (> 20%) 
then one of the plastic models would be suitable for describing the flow 
behaviour. The direct application of the Bingham model would only be 
useful at high shear rates (most unlikely anyway - see Figure 5.27) and 
. so for practical purposes a model which takes into account factors such 
as those described for Chen's viscoplastic model would be more 
appropda te. 
Granular materials 
In virtually all the viscometric experiments carried out using 
granular materials in a viscous interstitial fluid with grain 
concentration Cv > 35%, dilatant or grain dispersive behaviour was 
~ecognised. An interesting feature that emerged from the experiments was 
that shear thickening behaviour became more marked beyond a shear rate 
of about 7-9 S-l (> 50 rpm) and that this effect was enhanced at higher 
volume concentrations of grains. If the interstitial fluid viscosity 
gets too high (suggested> 15-20 Pa.s) and the grains are small 
« 2.0 mm) then the flow behaviour seems to be controlled largely by the 
interstitial fluid and less by the grain-grain interactions. 
The implication of these results to debris flow materials is 
twofold. First, if the grain size distribution of a debris flow is such \ 
that a secondary coarse mode is absent, the flow curve, given a suitable 
content of fines (10-20% Cw) is likely to exhibit plastic type 
behaviour. Second, if the fines content is low and if the grain size 
distribution contains a significant amount of coarse material of a 
similar size, then grain dispersive or dilatant behaviour is likely to 
be exhibited. 
It is obvious that the above are simplifications and that in 
reality the detail of flow behaviour is likely to be more complex i.e. 
both shear thinning and shear thickening behaviour are to be recognised 
and the detail rheology will be very much shear rate dependent. 
7.2.4 Rheological model for debris flow 
It is perhaps obvious from the foregoing discussion that a unique 
rheological model to describe the full range of materials and physical 
conditions which make up the process known as debris flow is not yet 
~ .. -. -. - .. - ---
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possible. However, given that the majority of reported debris flows have 
sediment concentrations Cw > 75%, fines content (silt and clay) 
Cw > 10%, bulk densities close to or exceeding 2.0 tonnes.m-3, are 
generally poorly sorted with respect to grain size, then the most 
appropriate model in the author's opinion is the dilatant plastic model 
as proposed by Davies (1986). 
If, as mentioned, a flow has a high fines content, it may be more 
plastic in nature and show less shear thickening. It is unlikely that 
flow ever becomes Newtonian as the shear rateswQuld need to be 
considerably greater than those experienced in debris flows and at such 
high shear rates flow would probably still be dilatant or grain 
dispersive though in the inertial regime. 
The rheology of debris flow materials is extremely sensitive to 
small changes in water content and while a flow may start as a viscous 
plastic material it may subequently develop grain dispersive 
characteristics. Then, as shear rates are reduced, say by a reduction in 
bed slope or by jamming of coarse grains in the channel, the flow may 
once again exhibit plastic-viscoplastic behaviour. 
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CHAPTER 8 
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
The objective of this study was to design, construct, and test a 
viscometer/rheometer that would be suitable for testing the coarse 
materials found in debris flows. This objective has been met and a 
physical framework for debris flow behaviour has been found in terms of 
the behaviour of 'materials under conditions of applied stress. 
The path to deriving sophisticated rheological models using 
advanced mathematical analysis and computer simulation of grain flows 
can only be embarked upon when the fundamental physical behaviour of 
particulate systems is understood. In this thesis it has been shown that 
a general understanding of a particulate system's response to applied 
~hear can be obtained using the viscometric system designed and adopted 
for this study. The suitability of this system to study coarse materials 
much larger than have previously been attempted has been shown. 
Similarly, the reliability of the viscometric system, given that these 
materials inherently show a wide scatter in the magnitude of their 
results, has been shown to be acceptable. While the exact magnitudes of 
some flow parameters such as apparent viscosity are not particularly 
useful when comparing materials, the trends indicated i.e. the flow 
curves, make material comparisons possible. 
The following conclusions are drawn: 
1. System 
The viscometric system of an inverted cone-and-plate rheometer 
has been shown to produce useful, reliable, reproducible (within 
acceptable limits) results with a wide variety of materials. The model 
rheometer was capable of measuring the flow behaviour of fluids 
containing grains up to 15 mm in diameter. The internal flow behaviour 
within the rheometer was shown to be similar to that obtained by other 
workers in conventional cone-and-plate systems and the values of shear 
rates obtained from flow visualisation were similar to those predicted 
from theory. The prototype (large) rheometer was shown to be able to 
measure the shearing properties of materials containing grains as large 
as 150 mm. This exceeds by an order of magnitude the maximum grain size 
of any fluid/grain mixture previously investigated. 
... .~ - -.- ., 
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2. Rheology of fluid/grain mixtures 
The behaviour of highly concentrated fine materials in liquids 
(clay slurries) obtained in this study has confirmed many of the 
findings of previous workers, principally that these materials follow a 
plastic or Bingham plastic rheological model. Many of the behaviours 
identified by previous workers have also been found to occur in this 
study e.g. stress decay with time, yield stress variation with 
concentration, departures from linearity at low shear rates, and torque 
decline with successive runs. 
The rheological behaviour of clay slurries containing coarse 
grains has also been shown to be similar to that for dense suspensions. 
Behaviours such as stick-slip phenomena, structural changes, and rise 
and fall in torque values have also been identified. 
Grain-fluid mixtures similarly display many of the features 
i.dentified by other workers - the difference in this study being that 
the grains were considerably larger than. had previously been examined. 
In particular, shear thickening behaviour was almost universally 
identified in the mixtures studied,· particularly at shear rates greater 
than about 5 S-I. Differences in density between grains and fluid, grain 
size differences, and interstitial fluid viscosities were shown to 
affect the shape and relative positions of the flow curves. 
Flow curves for fresh concrete are similar to those previosly 
identified and may well fit the Bingham model of flow. 
3. Rheology of debris flow materials 
The behaviour of materials taken from actual field debris flows 
exhibited many of the features observed from experiments on artificial 
mixtures. The extreme sensitivity of flow behaviour to water content 
indicated that classification of flows based on apparent viscosity would 
not be particularly useful. 
Debris flows that exhibit bimodal grain size distributions are 
likely to have a dilatant plastic rheology. Those which have a low 
content of coarse material and unimodal grain size distributions, or 
have exceptionally high fines content, probably best follow a plastic or 
viscoplastic rheological model. 
The Bingham model in its standard form has been shown to be 
inappropriate in describing the rheology of debris flow materials. 
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RECOMMENDATIONS FOR FUTURE YORK 
The results from this study suggest several directions for debris 
flow research. It is obvious that we need to gather more physical data 
on the behaviour of materials under various conditions of applied shear 
and more field data on the velocity distribution and flow behaviour of 
individual events. 
Some of the recommendations outlined below were considered at the 
start of this study but due to various factors were not examined. The 
following then are areas of research which could directly follow from 
this study. 
1. Machine modifications 
There are several areas of machine design which could be altered 
to enable more data to be gathered. 
(a) modifications to annular seals to avoid leakage of material 
(b) simultaneous logging of both torque and speed values to 
enable smaller time scale effects to be examined 
(c) modifications to the lid and its supports using self 
compensating hydraulic rams in order to overcome compaction effects and 
material loss effects i.e. ensuring no loss of contact of the material 
with the lid. This system could also be used to measure normal stress or 
dispersive stress effects. 
2. Internal flow dynamics 
Use of a radio transmitter to determine the internal flow 
structure within the rheometer. This technique has been employed in a 
helical ribbon mixer to describe the motion of a free flowing granular 
material (Cooker, Mitchell & Nedderman 1983). Velocity. profiles could be 
obtained using this method and the magnitude of any secondary flov cell 
could also be investigated. 
3. Bulk density 
Since flov behaviour is sensitive to water content and hence bulk 
density it would be useful to know vhat variation in bulk density occurs 
vithin the rheometer. Radial variations and depth variations may be 
determined using a gamma transmission density gauge. These density 
gauges have been widely used in soil physics to measure wet bulk 
densities and moisture contents in soils and employ the principle of 
detecting transmitted high energy gamma radiation. 
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APPENDIX II 
Debris flow materials tested in the prototype rheometer were 
remoulded at appropriate water contents in a 1.5 m3 mobile concrete 
mixer. 
Side view of the mixer. 
174 
End-on view of mixer illustrating the filling bucket and loading 
chute. 
175 
APPENDIX III 
SHEAR RATE, SHEAR STRESS, AND APPARENT VISCOSITY DATA 
NOTE: Where there are three columns of data the first column is shear 
rate (s-l), the second apparent viscosity (Pa.s), and the third 
shear stress (Pa). Where only two columns are present the first 
is shear rate and the second is shear stress. 
NA indicates 'does not apply' to this experiment. 
? indicates unknown or not measured 
A,B,C are the different cylinders for 
Carry Fluid equals· interstitial fluid. 
Experiment: A1.1 Apparatus: Model 
Carry Fluid: 1.0% CMC 
3.08 
4.53 
9:97 
13.60 
16.32 
18.50 
4.28 
5.06 
2.87 
2.67 
2.43 
2.38 
Experiment: A1.2.1 
13.18 
22.01 
28.61 1 
36.31 
39.66 
44.03 
Carry Fluid: 1.0% CMC 
3.08 
4.53 
8.34 
9.97 
11. 79 
13.60 
15.42 
18.14 
5.71 
5.44 
3.69 
3.42 
2.99 
2.91 
2.50 
2.61 
Experiment: A1.2.2 
17.59 
24.64 
30.79 
34.10 
35.25 
39.58 
37.47 
47.35 
Carry fluid: 1.0% CMC 
3.08 
4.53 
9.07 
13.60 
15.42 
18.14 
20.68 
1.07 
3.16 
2.67 
2.18 
2.50 
2.61 
2.13 
3.30 
14.31 
24.22 
29.65 
38.55 
47.35 
44.05 
Particles: NA 
Apparatus: Model 
Particles: NA 
Apparatus: Model 
Particles: NA 
the Ferranti viscometer. 
Temp: ? Age: 7 days 
Cv: NA 
Temp:? Age: 8 days 
Cv: NA 
Temp: ? Age: 8 days 
Cv: NA 
1-·:··-- ._ 
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Experiment : A1. 2. 3 Apparatus: Model Temp: ? Age: 8 days 
I.·.·.·.·.· .. ·:.· 
Carry Fluid: 1.0% CMC Particles: NA Cv: NA 
,~: »:"':;:'~'::"" 
3.08 3.28 10.10 
4.53 3.20 14.50 
8.16 2.86 23.34 
9.07 2.69 24.40 
11. 79 2.54 29.95 
13.60 2.52 34.27 I:: 15.42 2.37 36.55 
18.14 2.46 44.62 .. --'-- .... 
19.95 2.49 49.68 
Experiment · A1.3 Apparatus: Model Temp: ? Age: 8 days · 
Carry Fluid: 1.0% CMC Particles: NA Cv: NA 
3.08 3.56 10.9Q 
4.53 3.88 17.58 
8.16 2.78 22.68 
9.07 2.54 23.04 
13~60 2.42 32.91 
18.14 2.36 42.81 
Experiment · A3.1 Apparatus: Model Temp:15.5 Age: o days · 
Carry Fluid: 1.0% CMC Particles: NA Cv: NA 
1.45 2.12 3.07 
2.72 2.67 7.26 
4.53 2.38 10.78 
6.35 2.15 13.65 
9.07 1. 94 17.60 
12.70 1.99 25.27 
15.42 1.98 30.53 
18.14 1. 99 36.10 
Experiment · A4.1 Apparatus: Model Temp:16.3 Age: 3 days · 
Carry fluid: 1.0% CMC Particles: NA Cv: NA 
1.81 3.15 5.70 
3.63 2.79 10.13 
5.44 2.87 15.61 
7.26 2.45 17.79 '-
9.07 2.35 21. 31 
10.88 2.26 24.59 
12.70 2.22 28.19 
14.51 2.21 32.07 
16.32 2.21 37.70 
18.14 2.11 38.28 
177 
Experiment : A4.2 Apparatus: Ferr(Vm) Temp: 16 . 3 Age: 3days 
~. ,'" 
: :: :;~ ::; :,':.; :~~:;: ~:~ 
Carry Fluid: 1.0% CMC Particles: NA Cv: NA 
A 24.94 1.054 26.29 
. 104.3 0.466 46.52 
258.4 * * 
B 13.0 1.809 23.52 
54.02 0.754 40.73 
133.8 0.424 56.73 
C 8.73 1.447 12.63 
37.35 0.764 28.54 
92.5 0.446 41.26 
Experiment A5.1 Apparatus: Model Temp:16.5 Age: ? 
Carry Fluid: 0.5% CMC Particles: NA Cv: NA 
5.44 0.324 1. 76. 
7.26 0.243 1. 76 
9.07 0.291 2.64 
10.88 0.445 4.84 
12'.70 0.659 8.37 
14.51 0.652 9.46 
16.32 0.647 10.56 
18.14 0.643 11.66 
Experiment : A5.2 Apparatus: Ferr(Vm) Temp:16.5 Age: ? 
Carry Fluid: 0.5% CMC Particles: NA Cv: NA 
A 24.94 0.176 4.39 
104.3 0.099 10.33 
258.4 * * 
B 13.0 0.255 3.32 
54.02 0.153 - 8.26 
133.8 0.104 13.92 
C 8.73 0.241 2.10 
37.35 0.169 6.31 '-.-,'.-.'-_. 
92.5 0.071 6.57 
Experiment A6.1 Apparatus: Model Temp:15.2 Age: 20 days 
Carry Fluid: 0.5% CMC Particles: NA Cv: NA 
3.63 0.0607 0.22 
5.44 0.1214 0.66 
7.26 0.2124 1.54 
9.07 0.2427 2.20 
10.88 0.2832 3.08 
12.70 0.3294 4.18 
14.51 0.3186 4.62 
16.32 0.3372 5.50 
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Experiment : A6.2 Apparatus: Ferr(Vm) Temp:15.2 Age: 20 days 
Carry Fluid: 0.5% CMC Particles: NA Cv: NA 
1-:,:-:,:,:-;,:,:,;-
A 24.94 0.0427 1.06 
104.3 0.0383 3.99 
258.4 0.0319 8.24 
B 13.0 0.0536 0.70 
54.02 0.0479 2.59 
133.8 0.0413 5.53 
C 8.73 * * 37.35 0.0402 1.50 
92.5 0.0332 3.07 
Experiment A7.1.1 Apparatus: Model Temp:18.2 Age: 10 days 
Carry Fluid: 1. 0% CMC Particles: NA Cv: NA 
1.81 1.6992 3.075 
2.72 1.6992 4.622 
3.63 1. 6992 6.168 
!_. 
4.53 1.6507 7.478 
5:44 1.6183 8.804 
6.35 1.5605 9.909 
7.26 1. 5172 11. 015 
8.16 1.4835 12.105 
9.07 1.4808 13.431 
10.88 1.4767 16.066 
12.70 1.5085 19.158 
14.51 1.5172 22.015 
16.32 1. 5239 24.870 
18.14 1. 5657 28.402 
19.95 1.6110 32.139 
Experiment : A7.1. 2 Apparatus: Ferr(Vm) Temp:18.2 Age: 10 days 
Carry Fluid: 1. 0% CMC Particles: NA Cv: NA 
A 24.94 0.5146 12.834 
104.3 0.2680 27.952 
258.4 0.1644 42.481 
B 13.0 0.804 10.452 
54.02 0.406 21. 932 
133.8 0.2814 37.651 
C 8.73 0.603 5.264 
37.35 0.402 15.015 -
92.5 0.2607 24.115 
17Q 
Experiment . A7.2.1 Apparatus: Model Temp:16.8 Age: 12 days . 
1-"--·-
I:--':':-:''':-~':: 
Carry Fluid: 1.0% CMC Particles: NA Cv: NA 
1.81 0.9710 1. 76 
2.72 0.9710 2.64 
3.63 1. 0317 3.75 
4.53 1. 0195 4.62 
5.44 1.0519 5.72 
1 .... _ ... : ... 
6.35 1.0404 6.61 
7.26 1.0620 7.71 
8.16 1.1059 9.02 
9.07 1. 3431 10.13 
10.88 1.1733 12.77 
12.70 1.1964 15.19 
14.51 1. 2441 18.05 
16.32 1. 2947 21.13 
18.14 1.2259 22.24 
19.95 1.4013 27.96 -.<::-.-. 
Experiment : A7.2.2 Apparatus: Ferr(Vm) Temp:16.8 Age: 12 days 
Carry Fluid: 1. 0% CMC Particles: NA Cv: NA 
A 24.94 0.3765 9.39 
104.3 0.2291 23.90 
258.4 0.1524 39.38 
B 13.0 0.536 6.97 
54.02 0.341 18.42-
133.8 0.245 32.78 
C 8.73 0.418 3.65 
37.35 0.314 11.73 
92.5 0.221 20.44 
Experiment A7.3 Apparatus: Model Temp:16.8 Age: 13 days 
Carry Fluid: 1. 0% CMC Particles: NA Cv: NA 
1. 81 1.0924 1. 98 
2.72 1.1328 3.08 
3.63 1. 0924 3.97 
4.53 1.1166 5.06 
5.44 1.0519 5.72 
6.35 1.0750 6.83 .. 
7.26 1.0620 7.71 
8.16 1.0789 8.80 
9.07 1.1166 10.13 
10.88 1.1733 12.77 
12.70 1.1964 15.19 
14.51 1.2594 18.27 
16.32 1. 2812 20.91 
18.14 1. 3108 23.78 
19.95 1.3682 27.30 
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Experiment : A8.1 Apparatus: Model Temp:26.4 Age: 0 days 
1'>:<;:':·:::·'<·:~: 
Carry Fluid: 1.0% CMC Particles: NA Cv: NA 
1.81 3.8840 7.03 
2.72 3.2367 8.80 
3.63 2.8523 10.35 
4.53 2.7188 12.32 
5.44 2.5489 13.87 
6.35 2.4275 15.41 
7.26 2.3365 16.96 
8.16 2.2387 18.27 
9.07 2.1847 19.82 
10.88 2.0836 22.67 
12.70 2.0113 25.54 
14.51 2.0179 29.28 
16.32 2.0094 32.79 
18.14 2.0270 36.77 
19.95 2.0192 40.28 
Experiment : A8.2.1 Apparatus: Model Temp:23.2 Age: 0 days 
Carry Fluid: 1. 0% CMC Particles: NA Cv: NA 
1.81 4.0054 7.25 
2.72 3.4794 9.46 
3.63 3.0344 11.01 
4.53 2.7673 12.54 
5.44 2.5893 14.09 
6.35 2.4968 15.85 
7.26 2.3971 17.40 
8.16 2.3196 18.93 
9.07 2.2818 20.70 
10.88 2.1443 23.33 
Experiment . A8.2.2 Apparatus: Ferr(Vm) Temp:23.2 Age: 0 days . 
Carry Fluid: 1.0% CMC Particles: NA Cv: NA 
A 24.94 0.8158 20.35 
104.3 0.365 37.55 
258.4 0.207 53.49 
B 13.0 1.340 17.42 
54.02 0.595 32.14 
133.8 0.363 48.57 
C 8.73 1.206 10.53 
37.35 0.6332 23.65 
92.5 0.364 33.67 
Experiment: A8.3.1 
Carry Fluidt 1.0% CMC 
1.81 
3.63 
5.44 
7.26 
9.07 
10.88 
12.70 
14.51 
16.32 
18.14 
19.95 
4.3695 
3.6412 
2.9939 
2.7309 . 
2.5246 
2.4275 
2.3581 
2.3365 
2.3061 
2.2940 
2.3282 
Experiment: A8.3.2 
7.91 
13.32 
16.29 
19.83 
23.09 
26.41 
29.95 
33.90 
37.64 
41. 61 
46.45 
Carry Fluid: 1.0% CMC 
A 24.94 
104.3 
258.4 
B 13.0 
. 54.02 
133.8 
C 8.73 
37.35 
92.5 
0.8785 
0.3712 
0.221 
1. 5075 
0.6743 
0.3865 
1.2864 
0.6734 
0.395 
Experiment A8.4.1 
21.91 
38~ 72 
57.11 
19.60 
25.15 
51. 71 
11. 23 
25.15 
36.54 
Carry Fluid: 1. 0% CMC 
1.81 6.0687 10.98 
3.63 4.8550 17.62 
5.44 3.8031 20.84 
7.26 3.3985 24.67 
9.07 3.1557 28.62 
12.70 2.9477 33.23 
14.51 2.8220 37.44 
16.32 2.7781 40.95 
18.14 2.7431 45.34 
19.95 2.7254 49.76 
Experiment : A8.4.2 
Carry Fluid: 1.0% CMC 
A 24.94 1.1044 27.64 
104.3 0.455 47.46 
258.4 * * 
B 13.0 1. 8760 24.39 
54.02 0.783 42.30 
133.8 0.454 60.75 
C 8.73 1.608 14.04 
37.35 0.824 30.78 
92.5 0.458 42.37 
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Apparatus: Model Temp:17.9 Age: 0 days 
Particles: NA Cv: NA 
I 
Apparatus: Ferr(Vm) Temp:17.9 Age: 0 days 
Particles: NA Cv: NA 
Apparatus: Model Temp:15.0 Age: 1 day 
Particles: NA Cv: NA 
Apparatus: Ferr(Vm) Temp:15.0 Age: 1 day 
Particles: NA Cv: NA 
Experiment: A9.1.1 
Carry Fluid: 2.0% CMC 
1.8 42.4811 
3.63 30.3436 
5.44 24.2749 
7.26 19.7234 
9.07 14.5649 
10.88 14.1604 
12.70 14.730 
14.51 14.4132 
16.32 12.8118 
18.14 12.1375 
76.89 
110.13 
132.08 
143.17 
132.15 
154.06 
187.07 
209.09 
209.06 
220.22 
Experiment: A9.1.2 
Carry Fluid: 2.0% CMC 
A 9.105 
B 4.933 
12.1725 110.83 
18.2625 90.09 
Experiment A9.2 
Carry Fluid: 2.0% CMC 
1.81 
3.63 
5.44 
7.26 
9.07 
10.88 
12.70 
14.51 
16.32 
18.14 
22.4543 
21. 2405 
19.0153 
16.3856 
14.4921 
12.461 
11.5999 
10.7720 
10.2494 
9.9042 
Experiment: A9.3 
- 40.63 
70.09 
103.47 
118.99 
131. 42 
135.56 
147.32 
156.27 
167.28 
179.59 
Carry Fluid: 2.0% CMC 
1.81 
3.63 
5.44 
7.26 
9.07 
10.88 
12.70 
14.51 
16.32 
18.14 
41.8742 
25.9742 
21. 0383 
17.2048 
15.0504 
13.3310 
12.7096 
11. 6975 
10.7214 
10.1105 
75.78 
93.62 
114.46 
124.94 
136.50 
145.03 
161. 42 
169.77 
174.95 
183.40 
182 
Apparatus: Model Temp:18.6 Age: 0 days 
Particles: NA Cv: NA 
Apparatus: Ferr(Vh) Temp:18.6 Age: 0 days 
Particles: NA Cv: NA 
Apparatus: Model Temp:? Age: 1 day 
Particles: NA Cv: NA 
Apparatus: Model Temp:17.2 Age: 2 days 
Particles: NA Cv: NA 
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Experiment: A9.4 Apparatus: Model Temp:? Age: 2 days 
Carry Fluid: 2.0% CMC 
1.81 
3.63 
5.44 
7.26 
9.07 
10.88 
12.70 
14.51 
16.32 
18.14 
25.4887 
24.0928 
19.9863 
17.2048 
12.6230 
11. 8047 
11. 4786 
11. 6671 
10.8698 
10.2804 
46.14 
87.45 
108.75 
124.94 
114.46 
129.47 
145.80 
169.33 
177 .40 
186.48 
Particles: NA Cv: NA 
THE DATA IN THIS FILE ARE THE EXPERIMENTS CARRIED OUT IN THE MODEL 
CONE AND PLATE VISCOMETER WITH DIFFERENT LIQUIDS AND DIFFERENT SOLIDS. 
THE DATA ARE ARRANGED AS FOLLOWS: 
C1 C2 C3 C4' C5 C6 C7 
C1 SHEAR RATE (s-l) 
CZ SHEAR STRESS (Pa) RUN #1 
C3 SHEAR STRESS (Pa) RUN #2 
C4 SHEAR STRESS (Pa) RUN #3 
C5 SHEAR STRESS (Pa) RUN #4 
C5 MEAN VALUE OF SHEAR STRESS FOR THE 4 RUNS (Pa) 
C6 STDEV OF THE SHEAR STRESS FOR THE 4 RUNS (Pa) 
* missing value or could not be measured 
Experiment : E5.DAT Apparatus: Model Temp:13.8 Age: 1 day 
Carry Fluid: 0.5% CMC Particles: NA Cv: NA 
1.81 1.32 0.94 1.12 0.65 1. 0075 0.284415 
3.63 2.58 2.21 2.29 1. 85 2.2325 0.300486 
5.44 3.92 3.48 3.59 3.10 3.5225 0.338071 
7.26 5.45 5.01 5.08 4.50 5.0100 0.390982 
9.07 7.07 6.80 6.71 6.26 6.7100 0.336749 
10.88 9.14 8.60 8.60 8.05 8.5975 0.445000 
12.70 11.05 10.29 10.67 10.16 10.5425 0.401612 
14.51 12.91 12.48 12.48 12.19 12.5150 0.296704 
Experiment : E6.DAT Apparatus: Model Temp:13.8 
Carry Fluid: 0.5% CMC Particles: Glass beads Cv: 10% 
1.81 0.94 0.89 0.85 0.94 0.9050 0.043589 
3.63 2.14 2.00 1.92 2.03 2.0225 0.091059 
5.44 3.43 3.16 3.05 3.10 3.1850 0.169411 
7.26 4.94 4.79 4.72 4.57 4.7550 0.153731 
9.07 6.62 6.35 5.99 6.08 6.2600 0.284605 
10.88 8.05 8.05 7.94 7.94 7.9950 0.063509 
12.70 10.03 10.03 10.03 9.78 9.9675 0.125000 
14.51 12.33 11. 90 11.75 11. 75 11. 9325 0.274272 
Experiment : E7.DAT Apparatus: Model Temp:14.3 
Carry Fluid: 0.5% CMC Particles: Glass beads 
1.81 0.89 1.00 1.03 1.03 0.9875 0.066521 
3.63 2.00 2.11 2.25 2.03 2.0975 0.111766 
5.44 3.05 3.16 3.32 2.99 3.1300 0.144914 
7.26 4.36 4.57 4.79 4.43 4.5375 0.189627 
9.07 6.08 6.17 6.35 5.90 6.1250 0.187350 
10.88 8.05 7.94 8.05 7.62 7.9150 0.203388 
12.70 10.03 10.29 10.03 9.78 10.0325 0.208227 
14.51 12.33 12.19 12.77 12.19 12.3700 0.274712 
Experiment : E8.DAT Apparatus: Model Temp:16.0 
Carry Fluid: 0.5% CMC Particles: Glass beads 
1.81 1.43 1. 25 1.05 1.19 1.2300 0.157480 
3.63 2.76 2.43 2.21 2.19 2.3975 0.265000 
5.44 3.54 3.32 3.10 3.10 3.2650 0.210634 
7.26 4.28 4.14 3.99 4.07 4.1200 0.123018 
. 9.07 5.90 5.71 5.62 5.62 5.7125 0.132004 
10.88 8.05 7.94 7.62 7.72 7.8325 0.197210 
12.70 10.54 10.41 10.03 10.03 10.2525 0.262345 
14.51 13.49 12.77 12.62 12.62 12.87~0 0.416053 
Experiment : E9.DAT Apparatus: Model Temp: 16.3 
Carry Fluid: 0.5% CMC Particles: Glass beads 
1. 81 1.54 1. 36 1. 34 1. 30 1.3850 0.106301 
3.63 2.83 2.65 2.54 2.50 2.6300 0.147648 
5.44 3.54 3.64 3.54 3.54 3.5650 0.050000 
7.26 4.21 4.57 4.57 4.57 4.4800 0.180000 
9.07 6.17 6.26 6.08 5.99 6.1250 0.116190 
10.88 9.25 8.81 8.81 8.81 8.9200 0.220000 
12.70 12.57 11.05 12.19 10.92 11.6825 0.821923 
14.51 15.96 15.67 15.53 15.09 15.5625 0.362342 
Experiment : E10.DAT Apparatus: Model Temp: ? 
Carry Fluid: 0.5% CMC Particles: Glass beads 
1.81 1.86 1.65 1.65 1.67 1.7075 0.10210 
3.63 3.38 3.23 3.16 3.16 3.2325 0.10312 
5.44 4.35 4.35 4.35 4.41 4.3650 0.03000 
7.26 5.15 5.52 5.45 5.59 5.4275 0.19363 
9.07 6.53 6.89 6.62 6.80 6.7100 0.16432 
10.88 10.23 10.01 10.23 10.23 10.1750 0.11000 
12.70 14.10 13.84 14.10 13.97 14.0025 0.12447 
14.51 18.28 17.41 15.67 17.70 17.2650 1.12317 
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Cv: 20% ! »:~~~>::-':-":.: 
Cv: 30% 
Cv: 35% 
Cv: 40% 
Experiment : E11.DAT Apparatus: Model Temp:16.0 
Carry Fluid: 0.5% CMC Particles: Glass beads 
1.81 2.19 1.77 2.14 2.30 2.1000 0.22993 
3.63 4.03 3.67 4.21 4.17 4.0200 0.24576 
5.44 5.22 4.95 5.66 5.60 5.3575 0.33430 
7.26 6.24 6.10 6.97 6.82 6.5325 0.42688 
9.07 7.17 7.62 8.80 8.71 8.0750 0.80724 
10.88 11.64 11.42 12.95 13.60 12.4025 1.04570 
12.70 16.76 15.24 18.16 14.61 16.1925 1.59213 
14.51 17.70 15.24 18.14 15.09 16.5425 1.60188 
Experiment: F1.DAT Apparatus: Model 
Carry Fluid: Water Particles: NA 
1.81 0.00 0.00 0.00 0.00 0.0000 0.0000000 
3.63 0.00 0.00 0.00 0.00 0.0000 0.0000000 
5.44 0.08 0.11 0.15 0.15 0.1225 0.0340343 
7.26 0.37 0.35 0.39 0.35 0.3650 0.0191485 
9.07 0.67 0.65 0.73 0.71 0.6900 0.0365148 
·10.88 1.19 1.06 1.21 1.21 1.1675 0.0722842 
12.70 1.71 1.60 1.73 1.73 1.6925 0.0623832 
14.51 2.35 * * * 2.3500 * 
Experiment : F2.DAT Apparatus: Model 
Temp:13.2 
Temp:16.2 
Carry Fluid: Water Particles: PVC granules 
1.81 0.00 0.00 0.00 0.00 0.0000 0.000000 
3.63 0.00 0.00 0.00 0.00 0.0000 0.000000 
5.44 0.86 0.13 0.14 0.16 0.3225 0.358550 
7.26 0.38 0.39 0.38 0.41 0.3900 0.014142 
9.07 0.68 0.66 0.70 0.70 0.6850 0.019149 
10.88 1.06 1.07 1.08 1.07 1.0700 0.008165 
12.70 1.50 1.55 1.54 1.53 1.5300 0.021602 
Experiment : F3.DAT Apparatus: Model Temp:16.4 
Carry Fluid: Water Particles: PVC granules 
1.81 0.00 0.00 0.00 0.00 0.0000 0.0000000 
3.63 0.06 0.13 0.11 0.08 0.0950 0.0310913 
5.44 0.28 0.43 0.38 0.33 0.3550 0.0645497 
7.26 0.63 0.74 0.66 0.62 0.6625 0.0543906 ~ 
9.07 0.99 1.00 0.98 0.97 0.9850 0.0129099 
10.88 1.34 1.38 1.32 1.32 1.3400 0.0282842 
12.70 1.84 1.85 1.80 1.77 1.8150 0.0369685 
185 
Cv: 45% 
Cv: NA 
Cv: 20% 
Cv: 35% 
Experiment : F4.DAT Apparatus: Model Temp: ? 
Carry Fluid: Water Particles: PVC granules Cv: 50% 
1. 81 0.00 
3.63 0.30 
5.44 1.01 
7.26 7.99 
9.07 15.11 
10.88 32.38 
Experiment: G1.DAT Apparatus: Model Temp:14.2 Age: 1 day 
Carry Fluid: 0.5% CMC Particles: NA Cv: NA 
1.81 1.42 1.44 1.17 1.18 1.3025 0.147507 
3.63 2.70 2.73 2.39 2.43 2.5625 0.177271 
5.44 4.12 4.06 3.61 3.58 3.8425 0.287098 
7.26 5.73 5.74 5.44 5.31 5.5550 0.214554 
9.07 7.33 7.41 7.15 7.17 7.2650 0.125830 
10.88 9.19 9.45 8.99 8.96 9.1475 0.226035 
12.70 11.17 11.41 11.12 10.86 11.1400 0.225536 
14.51 13.47 13.36 13.05 12.92 13.2000 0.257811 
Experiment : G2.DAT Apparatus: Model Temp:15.0 
Carry Fluid: 0.5% CMC Particles: PVC granules Cv: 20% 
1. 81 1.52 1.42 1. 37 1. 22 1. 3825 0.12500 
3.63 2.57 2.56 0.67 0.60 1.6000 1. 11466 
5.44 4.08 4.32 4.02 3.68 4.0250 0.26401 
7.26 7.11 6.87 6.71 6.35 6.7600 0.31896 
9.07 10.09 9.78 9.51 9.19 9.6425 0.38361 
10.88 13.09 12.55 12.21 11.77 12.4050 0.55723 
12.70 15.70 15.15 14.78 14.29 14.9800 0.59537 
14.51 18.16 17.75 17.24 16.66 17.4525 0.64866 
Experiment : G3.DAT Apparatus: Model Temp:12.3 - 13.0 
Carry Fluid: 0.5% CMC Particles: PVC granules 
1.81 1.18 1.87 2.12 2.07 1.8100,0.433667 
3.63 2.46 3.62 3.80 3.82 3.4250 0.649590 
5.44 4.59 5.70 5.99 5.74 5.5050 0.623351 
7.26 11.69 13.35 13.11 13.66 12.9525 0.871259 
9.07 20.32 21.89 21.38 21.35 21.2350 0.658407 
10.88 25.39 25.79 25.55 25.76 25.6225 0.188216 
12.70 28.17 29.23 28.75 28.30 28.6125 0.480859 
14.51 30.66 31.88 31.88 31.43 31.4625 0.575521 
Cv: 35% 
186 
Experiment: G4.DAT Apparatus: Model Temp:13.1 - 14.8 
Carry Fluid: 0.5% CMC Particles: PVC granules Cv: 50% 
1.81 6.52 4.63 5.58 5.76 5.6225 0.7770 
3.63 16.42 9.58 10.95 10.47 11.8550 3.0958 
5.44 38.43 32.17 32.88 32.05 33.8825 3.0537 
7.26 63.35 60.55 57.59 55.83 59.3300 3.3129 
9.07 85.57 82.47 77.49 57.30 75.7075 12.7150 
10.88 88.30 91.54 89.81 92.40 90.5125 1.8264 
12.70 81.82 85.71 82.21 83.98 83.4300 1.7871 
14.51 79.88 82.25 79.66 80.74 80.6325 1.1747 
Experiment: H1.DAT Apparatus: Model 
Carry Fluid: 1.0% CMC Particles: NA 
1.81 6.27 6.36 6.39 6.20 6.3050 0.08660 
3.63 11.33 10.97 10.80 10.76 10.9650 0.25981 
5.44 14.86 14.42 14.40 13.93 14.402_5 0.37986 
7.26 18.11 18.04 17.74 16.86 17.6875 0.57454 
9.07 22.44 21.43 20.21 20.03 21.0275 1.12849 
'10.88 25.64 24.67 23.59 23.15 24.2625 1.11855 
12.70 28.99 28.44 26.72 26.14 27.5725 1.35900 
14.51 32.85 32.05 30.52 30.24 31.4150 1~24420 
Experiment : H2.DAT Apparatus: Model 
Temp:13.6 - 13.3 
Cv: NA 
Temp:15.2 - 15.9 
Carry Fluid: 1.0% CMC Particles: PVC granules Cv:20% 
1.81 6.33 6.54 5.81 5.98 6.1650 0.33071 
3.63 10.66 10.96 9.94 10.34 10.4750 0.43738 
5.44 15.98 17.06 16.44 17.15 16.6575 0.55102 
7.26 25.19 24.11 23.22 23.62 24.0350 0.85168 
9.07 30.22 29.34 28.97 28.74 29.3175 0.65045 
10.88 35.63 34.11 34.02 33.59 34.3375 0.89104 
12.70 40.13 36.11 38.24 37.50 37.9950 1.67496 
14.51 44.47 41.02 42.07 42.18 42.4350 1.45393 
Experiment: H3.DAT Apparatus: Model Temp:15.9 - 17.6 
Carry Fluid: 1.0% CMC Particles: PVC granules Cv: 35% 
1.81 9.29 9.35 8.64 8.77 9.0125 0.35985 
3.63 14.35 13.43 13.08 12.91 13.4425 0.64257 
5.44 30.54 31.03 24.18 28.50 28.5625 3.12032 
7.26 53.22 51.41 48.14 47.93 50.1750 2.58060 
9.07 62.39 60.13 56.78 58.72 59.5050 2.36331 
10.88 70.60 70.53 67.14 66.28 68.6375 2.25339 
12.70 78.37 75.93 73.83 72.75 75.2200 2.48057 
14.51 84.41 82.04 79.66 77.29 80.8500 3.06482 
187 
Experiment . H4.DAT Apparatus: Model Temp:13.2 . 
Carry Fluid: 1.0% CMC Particles: PVC granules 
1.81 56.78.60.45 66.06 64.77 62.015 4.2350 
3.63 101.47 107.95 106.00 102.55 104.493 3.0075 
5.44 149.61 142.49 142.06 137.09 142.812 5.1518 
7.26 191.28 179.84 175.73 170.55 179.350 8.8149 
9.07 222.37 205.10 205.10 188.26 205.208 13.9259 
10.88 263.39 238.56 231.00 192.79 231.435 29.2433 
12.70 288.43 264.90 256.26 194.95 251.135 39.8473 
14.51 311.96 305.27 279.58 205.31 275.530 48.8496 
Experiment: I1.DAT Apparatus: Model 
Carry Fluid: Saltwater Particles: NA 
1.81 0.00 0.00 0.00 0.00 0.0000 0.000000 
3.63 0.00 0.00 0.00 0.00 0.0000 0.000000 
5.44 0.00 0.00 0.00 0.00 0.0000 0.000000 
7.26 0.00 0.42 0.05 0.08 0.1375 0.191202 
9.07 0.41 0.80 0.44 0.52 0.5425 0.177834 
'10.88 1.00 1.38 1.09 1.08 1.1375 0.166608 
12.70 1.70 2.12 1.72 1.80 1.8350 0.194850 
14.51 * * * * * . * 
Temp:14.2 
- 17.6 
Cv: 50% 
Cv: NA 
Experiment : I2.DAT Apparatus: Model Temp:14.7 - 15.0 
Carry Fluid: Saltwater Particles: Polystyrene beads Cv: 20% 
1.81 0.00 0.00 0.00 0.00 0.0000 0.000000 
3.63 0.00 0.00 0.00 0.00 0.0000 0.000000 
5.44 0.00 0.00 0.00 0.00 0.0000 0.000000 
7.26 0.00 0.13 0.16 0.14 0.1075 0.072744 
9.07 0.56 0.62 0.38 0.71 0.5675 0.139374 
10.88 1.22 1.31 1.43 1.37 1.3325 0.089582 
12.70 1.94 2.00 2.16 2.16 2.0650 0.112398 
Experiment : I3.DAT Apparatus: Model Temp:15.0 - 15.4 
Carry Fluid: Saltwater Particles: Polystyrene beads Cv: 35% 
1.81 0.00 0.00 0.00 0.00 0.0000 0.000000 
3.63 0.00 0.01 0.00 0.02 0.0075 0.009574 
5.44 0.44 0.43 0.00 0.45 0.3300 0.220151 
7.26 1.18 1.20 0.56 1.02 0.9900 0.297769 ~ 
9.07 1.81 1.81 1.20 1.81 1.6575 0.305000 
10.88 2.84 2.81 2.00 2.68 2.5825 0.394493 
12.70 4.05 3.66 3.28 3.98 3.7425 0.351983 
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Experiment : I4.DAT Apparatus: Model Temp:15.4 - 16.0 
Carry Fluid: Saltwater Particles: Polystyrene beads Cv: 45% 
1.81 0.29 0.19 0.22 0.21 0.2275 0.04349 
3.63 0.95 1.30 1.26 1.11 1.1550 0.15927 
5.44 2.73 2.43 2.44 2.27 2.4675 0.19155 
7.26 3.83 2.91 3.91 4.12 3.6925 0.53581 
9.07 5.04 3.05 5.61 5.07 4.6925 1.12589 
10.88 5.68 3.38 7.90 7.21 6.0425 2.00280 
12.70 7.16 9.50 9.67 9.50 8.9575 1.20101 
Experiment: I5.DAT Apparatus: Model Temp:16.0 - 16.6 
Carry Fluid: Saltwater Particles: Polystyrene beads Cv: 50% 
1.81 1.14 1.28 1.27 1.06 1.1875 0.10626 
3.63 2.91 3.13 3.15 2.44 2.9075 0.33009 
5.44 5.20 5.89 5.56 4.76 5.3525 0.48521 
7.26 . 9.10 9.64 9.12 7.73 8.8975 0.81749 
9.07 13.34 12.54 11.15 10.70 11.9325 1.22222 
10.88 17.98 18.85 18.64 18.32 18.4475 0.38030 
-12.70 23.36 22.67 22.88 22.38 22.8225 0.41283 
Experiment: J1.DAT Apparatus: Model Temp:15.1 
Carry Fluid: Saltwater Particles: Polystyrene beads Cv: 50% 
1.81 0.78 0.74 0.77 0.67 0.7400 0.04967 
3.63 2.18 2.06 2.18 1.95 2.0925 0.11057 
5.44 4.04 3.96 4.D5 3.91 3.9900 0.06683 
7.26 5.85 6.00 7.62 6.47 6.4850 0.80144 
9.07 9.38 7.01 9.91 9.36 8.9150 1.29529 
10.88 11.44 11.12 11.73 11.59 11.4700 0.26166 
12.70 12.93 13.89 14.14 13.72 13.6700 0.52262 
189 
Experiment : J2.DAT Apparatus: Model + stirrers into flow T: ? 
Carry Fluid: Saltwater Particles: Polystyrene beads Cv: 50% 
1. 81 1.58 1. 60 1.71 1. 73 1. 6550 0.07594 
3.63 3.73 3.49 3.48 3.15 3.4625 0.23824 
5.44 6.14 5.27 5.89 4.24 5.3850 0.84642 
7.26 8.07 7.12 7.69 5.87 7.1875 0.96119 
9.07 10.30 9.43 8.97 7.11 8.9525 1.34646 
10.88 13.77 12.16 11.45 14.03 12.8525 1.24832 
12.70 19.20 13.50 14.52 15.51 15.6825 2.48444 
Experiment : J3.DAT Apparatus: Model t stirrers oblique to flow 
Carry Fluid: Saltwater Particles: Polystyrene beads Cv: 50% T: ? 
1.81 1.54 2.17 2.21 2.60 2.1300 0.43856 
3.63 3.16 4.64 4.86 4.61 4.3175 0.77967 
5.44 5.17 7.14 7.74 7.36 6.8525 1.14872 
7.26 7.21 11.23 10.48 9.92 9.7100 1.75094 
9.07 11.65 12.93 13.05 13.28 12.7275 0.73287 
10.88 16.38 15.70 16.43 16.33 16.2100 0.34244 
12.70 21.28 18.72 20.78 20.33 20.2775 1.10846 
, 
(" 
Experiment : K1.DAT Apparatus: Model 
Carry Fluid: 2.0% CMC Particles: NA 
1.81 104 89 87 82 90.5 9.4692 
3.63 137 118 121 118 123.5 9.1104 
5.44 158 139 134 139 142.5 10.5987 
7.26 173 152 149 154 157.0 10.8628 
9.07 186 166 162 172 171.5 10.5040 
10.88 198 181 173 186 184.5 10.4722 
* * * * * * * 
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Temp:15.0 Age: 2 days 
Cv: NA 
Experiment : K2.DAT Apparatus: Model + stirrers into flow T: ? 
Carry Fluid: 2.0% CMC Particles: NA 
1.81 80 81 80 82 80.75 0.95743 
3.63 116 112 117 114 114.75 2.21736 
5.44 135 130 137 133 133.75 2.98608 
7.26 150 145 153 149 149.25 3.30404 
9.07 162 158 166 163 162.25 3.30404 
10.88 168 167 174 169 169.50 3.10913 
* * * * * * * 
Experiment : K3.DAT Apparatus: 
Carry Fluid: 2.0% CMC Particles: 
1.81 81 80 80 81 80.50 0.57735 
3.63 112 111 111 112 111.50 0.57735 
5.44 134 131 131 131 131. 75 1. 50000 
7.26 148 147 147 147 147.25 0.50000 
9.07 161 160 161 161 160.75 0.50000 
10.88 170 172 170 174 171. 50 1. 91485 
* * * * * * * 
Experiment : K4.DAT Apparatus: 
Carry Fluid: 2.0% CMC Particles: 
1.81 86 86 80 80 83;00 3.46410 
3.63 116 114 110 114 113.50 2.51661 
5.44 137 134 134 136 135.25 1.50000 
7.26 153 149 153 154 152.25 2.21736 
9.07 166 165 165 166 165.50 0.57735 
10.88 178 161 172 171 170.50 7.04746 
Model + 
NA 
Model + 
NA 
Experiment: K5.DAT Apparatus: Model 
Carry Fluid: 1.0% CMC Particles: NA 
1.81 8.56 8.51 7.92 8.42 8.3525 0.29409 
3.63 15.32 13.90 12.95 13.56 13.9325 1.00503 
5.44 19.50 18.01 17.15 17.70 18.0900 1.00502 
7.26 21.75 21.74 20.61 21.41 21.3775 0.53550 
9.07 25.40 25.15 24.13 24.63 24.8275 0.56488 
10.88 30.03 28.72 27.81 28.09 28.6625 0.98791 
12.70 33.89 32.56 31.93 31.79 32.5425 0.95873 
14.51 38.02 36.94 36.32 36.10 36.8450 0.86029 
Cv: NA 
stirrers oblique to flow 
Cv: NA T: ? 
brass rods into flow 
Cv: NA T: ? 
Temp:13.1 Age: 0 days 
Cv: NA 
Experiment . K6.DAT Apparatus: Model + . 
Carry Fluid: 1.0% CMC Particles: NA 
1.81 6.69 6.39 6.31 6.55 6.4850 0.169214 
3.63 11.11 10.98 10.95 11.23 11.0675 0.128679 
5.44 14.54 14.54 14.48 14.63 14.5475 0.061847 
7.26 17.11 17.14 17.03 17.12 17.1000 0.048304 
9.07 19.31 19.26 19.22 19.22 19.2525 0.042720 
10.88 21.27 21.31 21.22 21.22 21.2550 0.043589 
12.70 23.40 23.36 23.23 23.28 23.3175 0.076757 
14.51 25.79 25.70 25.58 25.65 25.6800 0.088318 
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stirrers into flow 
Cv: NA T: ? 
Experiment: K7.DAT Apparatus: Model + stirrers oblique to flow 
Carry Fluid: 1.0% CMC Particles: NA 
1.81 5.95 6.92 7.21 7.20 6.8200 0.595371 
3.63 10.81 11.62 11.82 11.86 11.5275 0.489719 
5.44 14.01 14.88 15.02 15.24 14.7875 0.539096 
7.26 16.26 17.29 17.40 17.28 17.0575 0.534439 
9.07 18.20 19.03 19.19 19.16 18.8950 0.468508 
10.88 19.73 20.72 20.79 20.75 20.4975 0.512470 
12.70 21.26 22.27 22.29 22.26 22.0200 0.506820 
14.51 23.11 23.86 23.98 23.89 23.7100 0;403236 
Cv: NA T:14.9 
Experiment: K8.DAT Apparatus: Model + brass rods into flow 
Carry Fluid: 1.0% CMC Particles: NA 
3.63 11.41 11.93 12.00 12.02 11.8400 0.289252 
5.44 14.33 15.80 15.30 15.52 15.2375 0.638664 
7.26 17.86 18.50 18.26 18.39 18.2525 0.279448 
9.07 20.40 21.11 20.85 20.84 20.8000 0.294506 
10.88 23.58 23.51 23.34 23.29 23.4300 0.137356 
12.70 26.59 26.11 26.08 25.88 26.1650 0.301165 
14.51 29.54 29.17 29.05 28.87 29.1575 0.283240 
Experiment : L1.DAT Apparatus: Model Temp:17.5 
Carry Fluid: Water Particles: Ultrafine clay 
1.81 0.0000 0.0000 0.0000 0.0000 0.00000 0.000000 
3.63 0.0000 0.0000 0.0000 0.0000 0.00000 0.000000 
5.44 0.0000 0.0000 0.0000 0.0000 0.00000 0.000000 
7.26 0.1231 0.2375 0.2915 0.2288 0.22023 0:070440 
9.07 0.4685 0.6174 0.4620 0.7103 0.56455 0.120801 
10.88 1.1054 1.1529 0.9089 1.3234 1.12265 0.170492 
12.70 1.5458 1.7055 1.S112 2.0078 1.69257 0.226549 
Cv: NA T: ? 
Cv: * Cw: 10% 
,",--;-.-.-. ,.-.. 
i:·:·,::·,·,,:-;·:·;· 
Experiment : L2.DAT Apparatus: Model Temp: 7 
Carry Fluid: Yater Particles: Ultrafine clay 
1.81 0.0000 0.0000 0.0000 0.0000 0.00000 0.0000000 
3.63 0.0000 0.0000 0.0000 0.0000 0.00000 0.0000000 
5.44 0.0108 0.0086 0.0626 0.0691 0.03778 0.0325390 
7.26 0.3087 0.2763 0.3562 0.3433 0.32113 0.0359891 
9.07 0.7427 0.6822 0.7340 0.7232 0.72053 0.0267661 
10.88 1.3169 1.2932 1.3061 1.2953 1.30288 0.0109253 
12.70 1.9430 2.0725 2.0099 2.0143 2.00993 0.0529583 
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Cv: * Cw: 20% 
Experiment : L3.DAT Apparatus: Model + stirrers into flow T: ? 
Carry Fluid: Yater Particles: Ultrafine clay 
1.81 0.0000 0.0000 0.0000 0.0000 0.00000 0.0000000 
3.63 0.0000 0.0000 0.0000 0.0000 0.00000 0.0000000 . 
5.44 0.0000 0.0000 0.0000 0.0000 0.00000 0.0000000 
7.26 0.2159 0.1727 0:1857 0.1813 0.18890 0.0187922 
9.07 0.5289 0.4793 ~.4987 0.4879 0.49870 0.0216413 
10.88 1.0147 0.9586 0.9866 0.9132 0.96828 0.0432741 
-12.70 1.5933 1.5803 1.5738 1.5026 1.56250 0.0407479 
Cv: * Cw: 20% 
Experiment : L4.DAT Apparatus: Model+strs oblq to flow T:? 
Carry Fluid: Water Particles: Ultrafine clay 
1.81 0.0000 0.0000 0.0000 0.0000 0.00000 0.000000 
3.63 0.0000 0.0000 0.0000 0.0000 0.00000 0.000000 
-5.44 0.0000 0.0000 0.0000 0.0000 0.00000 0.000000 
7.26 0.1058 0.1079 0.1619 0.0777 0.11332 0.035189 
9.07 0.3778 0.3541 0.4037 0.2310 0.34165 0.076497 
10.88 0.7707 0.7211 0.7448 0.4685 0.67627 0.139990 
12.70 1.2284 1.1960 1.1744 0.8679 1.11668 0.167328 
Experiment: L5.DAT Apparatus: Model Temp:16.6 
Carry Fluid: Yater Particles: Ultrafine clay 
1.81 0.0000 0.0000 0.0000 0.0000 0.00000 0.0000000 
3.63 0.0000 0.0000 0.0000 0.0000 0.00000 0.0000000 
5.44 0.0000 0.0000 0.0000 0.0000 0.00000 0.0000000 
7.26 0.1468 0.1382 0.1446 0.1274 0.13925 0.0087015 
9.07 0.4080 0.3864 0.3238 0.4037 0.38048 0.0389195 
10.88 0.7621 0.7405 0.7664 0.7621 0.75778 0;0116937 
12.70 1.1507 1.1485 1.1529 1.1269 1.14475 0.0120348 
14.51 * * * * * * 
Cv: * Cw: 20% 
Cv: * Cw: 30% 
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Experiment : L6.DAT Apparatus: Model+stirrers into flow T:16.9 
Carry Fluid: Water Particles: Ultrafine clay Cv: * Cw: 30% 
1.81 0.0000 0.0000 0.0000 0.0000 0.00000 0.0000000 
3.63 0.0000 0.0000 0.0000 0.0000 0.00000 0.0000000 
5.44 0.0000 0.0000 0.0000 0.0000 0.00000 0.0000000 
7.26 0.0756 0.1209 0.0648 0.0432 0.07613 0.0327485 
9.07 0.2310 0.2382 0.2310 0.2288 0.23225 0.0041000 
10.88 0.4879 0.5851 0.5009 0.5289 0.52570 0.0431373 
12.70 0.8333 0.8879 0.8398 0.8312 0.84805 0.0268177 
14.51 1.2090 1.2651 1.2435 1.2349 1.23812 0.0232035 
Experiment: L7.DAT Apparatus: Model+strs oblq to flow T:17.3 
Carry Fluid: Water Particles: Ultrafine clay Cv: * Cw: 30% 
1.81 0.0000 0.0000 0.0000 0.0000 0.000000 0.0000000 
3.63 0.0000 0.0000 0.0000 0.0000 0.000000 0.0000000 
5.44 0.0000 0.0000 0;0000 0.0000 0.000000 0.0000000 
7.26 0.0000 0.0000 0.0000 0.0000 0.000000 0.0000000 
9.07 0.0712 0.1252 0.0907 0.0583 0.086350 0.0291237 
,10.88 0.3260 0.3130 0.3325 0.3130 0.321125 0.0097500 
12.70 0.6174 0.5656 0.6153 0.5635 0.590450 0.0299313 
14.51 0.9715 0.8765 0.9758 0.8808 0.926150 0.0549044 
Experiment : M1.DAT Apparatus: Model+floor mods.+strs 
Carry Fluid: 1.0% CMC 
1. 81 
3.63 
5.44 
7.26 
9.07 
10.88 
12.70 
14.51 
5.89 
8.75 
11. 93 
14.82 
18.21 
21.50 
25.00 
28.45 
5.87 
9.32 
12.82 
15.65 
18.60 
21.50 
24.72 
28.36 
Particles: NA Cv: NA 
NOTE! ALL SUBSEQUENT EXPERIMENTS IN THE MODEL RHEOMETER HAVE THE 
MODIFIED FLOOR. 
T:17.8 
Experiment : M2.DAT Apparatus: Model + stirrers T:17.8 
Carry Fluid: 1.0% CMC 
1.81 
3.63 
5.44 
7.26 
9.07 
10.88 
12.70 
14.51 
7.74 
11.14 
19.01 
26.73 
32.59 
36.99 
41.45 
45.16 
8.12 
11.43 
19.32 
26.60 
32.07 
36.33 
40.35 
44.86 
Particles: PVC granules Cv: 20% 
Experiment: M3.DAT Apparatus: Model + stirrers 
Carry Fluid: 1.0% CMC Particles: PVC granules 
1.81 64.77 62.61 
3.63 100.39 90.67 
5.44 125.22 105.79 
7.26 144.65 136.01 
9.07 194.30 172.71 
10.88 222.37 198.62 
12.70 241.80 222.37 
14.51 283.90 256.91 
Experiment : M4.DAT Apparatus: Model Temp: 16.2 
Carry Fluid: Tapwater Particles: Ultrafine clay 
1.81 0.58 0.02 0.19 0.18 0.2425 0.238100 
3.63 0.74 0.27 0.43 0.47 0.4775 0.195171 
5.44 0.87 0.62 0.72 0.77 0.7450 0.104083 
7.26 1.10 0.93 0.93 0.99 0.9875 0.080156 
.9.07 1.38 1.27 1.12 1.19 1.2400 0.111654 
10.88 1.62 1.61 1.35 1.43 1.5025 0.134009 
12.70 1.89 1.85 1.66 1.79 1.7975 0.100457 
14.51 2.15 2.10 1.97 2.06 2.0700 0.076158 
Experiment : M5.DAT Apparatus: Model Temp: ? 
Carry Fluid: Tapwater Particles: Ultrafine clay 
1.81 
3.63 
5.44 
7.26 
9.07 
10.88 
12.70 
14.51 
0.76 
1.15 
1.36 
1.59 
1. 70 
1. 94 
2.25 
2.55 
0.75 
1.12 
1.33 -
1.59 
1. 76 
1. 99 
2.28 
* 
Experiment: M6.DAT Apparatus: Model Temp:17.2 
Carry Fluid: Tapwater Particles: Cal ben clay 
1.81 * * * * * * 
3.63 * * * * * * ~ 
5.44 0.01 0.03 * * 0.0200 0.014142 
7.26 0.17 0.26 0.14 0.26 0.2075 0.061847 
9.07 0.31 0.49 0.41 0.59 0.4500 0.118884 
10.88 0.75 0.90 0.88 1.04 0.8925 0.118708 
12.70 1.61 1.28 1.52 1.69 1.5250 0.177482 
14.51 * * * * * * 
194 
T:16.0 
Cv: 50% 
Cv: * Cw: 30% 
Cv: * Cw: 30% 
Cv: * Cw: 20% 
Experiment: M7.DAT Apparatus: Model Temp:18.4 
Carry Fluid: Tapwater Particles: Cal ben clay 
1.81 7.32 7.61 7.15 
3.63 7.97 8.42 7.84 
5.44 9.63 9.38 8.81 
7.26 10.66 9.95 9.38 
9.07 11.58 10.66 10.38 
10.88 12.55 11.79 11.54 
12.70 13.27 12.59 12.48 
14.51 * * * 
Experiment : M8.DAT 
7.10 7.2950 0.230145 
7.56 7.9475 0.358457 
8.85 9.1675 0.403185 
9.40 9.8475 0.602626 
10.41 10.7575 0.562517 
11.55 11.8575 0.475911 
12.50 12.7100 0.376387 
* * * 
Apparatus: Model Temp: ? 
Carry Fluid: Tapwater Particles: Calben clay 
1.81 
3.63 
5.44 
7.26 
9.07 
10 .. 88 
12.70 
14.51 
287.57 
291.45 
302.89 
307.86 
321.46 
336.79 
344.78 
* 
298.58 313.90 
309.15 310.88 
319.52 316.93 
327.07 338.73 
335.49 345.42 
337.44 353.20 
344.56 358.38 
* * 
Experiment : M8a.DAT Apparatus: Model Temp:18.8 
Carry Fluid: Tapwater Particles: Ultrafine clay 
1.81 0.34 0.80 0.66 0.95 0.6875 0.260176 
3.63 1.28 1.54 1.38 1.58 1.4450 0.139881 
5.44 1.88 2.15 2.32 2.25 2.1500 0.193046 
7.26 2.36 2.89 2.94 2.80 2.7475 0.264748 
9.07 2.90 3.34 3.57 3.18 3.2475 0.281588 
10.88 3.34 4.00 4.13 3.71 3.7950 0.350476 
12.70 3.84 4.49 4.59 4.19 4.2775 0.337577 
Experiment: M9.DAT Apparatus: Model Temp:19.3 
Carry Fluid: Tapwater Particles: Ultrafine clay 
1.81 3.42 4.09 4.59 4.18 4.0700 0.484906 
3.63 4.20 4.84 4.94 5.01 4.7475 0.371607 
5.44 5.42 5.62 5.66 5.63 5.5825 0.109658 
7.26 6.10 6.57 6.52 6.59 6.4450 0.23187~ 
9.07 7.07 7.48 7.46 7.52 7.3825 0.209821 
10.88 7.95 8.32 8.44 8.51 8.3050 0.249333 
12.70 8.85 9.07 9.22 9.32 9.1150 0.204369 
14.51 9.75 10.00 10.03 10.16 9.9850 0.171367 
195 
Cv: * Cw: 40% 
I. 
Cv: * Cw: 56% 
Cv: * Cw: 39% 
Cv: * Cw: 48% 
Experiment : M10.DAT Apparatus: Model Temp:18.2 
Carry Fluid: Tapwater Particles: Ultrafine clay 
1.81 3.88 4.76 6.70 7.25 5.6475 1.59033 
3.63 5.22 5.02 7.80 8.01 6.5125 1.61227 
5.44 6.85 8.22 8.75 9.00 8.2050 0.96009 
7.26 8.42 9.57 10.04 10.27 9.5750 0.82327 
9.07 9.99 11.03 11.41 11.53 10.9900 0.69990 
10.88 11.36 12.42 12.77 12.72 12.3175 0.65678 
12.70 12.65 13.64 14.09 13.91 13.5725 0.64220 
14.51 13.95 14.91 15.33 14.84 14.7575 0.58019 
Experiment : M11.DAT Apparatus: Model Temp:18.2 
Carry Fluid: Tapwater Particles: Ultrafine clay 
1.81 8.86 10.81 11.79 11.46 10.7300 1.31146 
3.63 9.37 11.87 12.37 12.82 11.6075 1.54131 
5.44 11.17 12.82 13.42 13.60 12.7525 1.10645 
7.26 12.56 14.07 14.47 14.90 14.0000 1.01807 
9.07 14.77 15.61 16.04 16.32 15.6850 0.67629 
10.88 16.63 17.49 17.70 18.07 17.4725 0.61070 
12.70 18.60 19.47 19.70 20.03 19.4500 0.61150 
14.51 20.52 21.25 21.48 22.11 21.3400 0.65651 
Experiment : M12.DAT Apparatus: Model Temp: ? 
Carry Fluid: Tapwater Particles: Tepene clay 
1.81 * * * * * * 
3.63 0.06 0.04 0.05 * 0.0500 0.010000 
5.44 0.60 0.60 0.44 0.25 0.4725 0.166408 
7.26 1.49 1.61 1.31 1.26 1.4175 0.161941 
9.07 2.49 2.68 2.36 2.33 2.4650 0.159269 
10.88 3.54 3.84 3.50 3.47 3.5875 0.170758 
12.70 4.87 5.21 5.06 4.86 5.0000 0.167531 
14.51 6.11 6.49 6.08 6.30 6.2450 0.190175 
16.32 7.82 8.02 7.61 7.62 7.7675 0.194144 
Experiment: M13.DAT Apparatus: Model Temp:16.7 
196 
Cv: * Cw: 54% 
Cv: * Cw: 58% 
Cv: * Cw: 61% 
Carry Fluid: Tapwater Particles: Tepene Cv: * Cw: 50% 
1.81 * * * * * * 
3.63 * 0.0108 0.0065 0.0043 0.00720 0.0033061 
5.44 0.0712 0.0604 0.0734 0.0626 0.06690 0.0063634 
7.26 0.1619 0.2116 0.2418 0.2440 0.21483 0.0382548 
9.07 0.5841 0.4102 0.4728 0.5462 0.50332 0.0773884 
10.88 1.0600 0.9154 0.9283 0.9823 0.97150 0.0657326 
12.70 1.5976 1.5587 1.4184 1.5004 1.51877 0.0779319 
14.51 2.1654 2.1611 2.0531 2.0380 2.10440 0.0682557 
16.32 2.7871 2.7181 2.6662 2.6360 2.70185 0.0661786 
Experiment : M14.DAT 
Carry Fluid: Tapwater 
Apparatus: Model 
} 
Particles: Tepene 
Temp:16.8 
1.81 * * * * * * 
3.63 * * * * * * 
5.44 * * * * * * 
7.26 * * * * * * 
9.07 * * * * * * 
10.88 0.2130 0.1900 0.2116 0.2159 0.20763 0.0118857 
12.70 1.1291 1.1205 1.0687,1.0471 1.09135 0.0397738 
14.51 * * * * * * 
16.32 * * * * * * 
------Experiment M15.DAT Apparatus: Model 
Carry Fluid: Tapwater Particles: Na Bentonite 
1.81 0.0000 0.0000 0.0000 0.0000 0.000000 0.000000 . 
3.63 0.0216 0.0000 0.0000 0.0000 0.005400 0.010800 
5.44 0.0432 0.0216 0;0216 0.0216 0.027000 0.010800 
7.26 0.0864 0.0648 0.0648 0.0864 0.075600 0.012471 
9.07 0.1943 0.1295 0.0864 0.1079 0.129525 0.046630 
.10.88 0.2159 0.1511 0.1079 0.1727 0.161900 0.044964 
12.70 0.3022 0.1943 0.1943 0.4750 0.291450 0.132517 
14.51 0.3886 0.3022 0.7556 0.7124 0.539700 0.227798 
Experiment: M16.DAT Apparatus: Model Temp:20.2 
Carry Fluid: Tapwater Particles: Na Bentonite 
1.81 30.01 27.42 29.15 30.22 29.2000 1.27376 
3.63 31.95 27.85 31.30 32.38 30.8700 2.06170 
5.44 28.07 28.07 32.17 31.30 29.9025 2.14559 
7.26 29.36 29~58 31.52 31.95 30.6025 1.32248 
9.07 28.07 31.09 31.52 31.30 30.4950 1.62617 
10.88 32.38 31.52 32.82 33.03 32.4375 0.66895 
12.70 30.66 32.38 33.25 33.25 32.3850 1.22094 
14.51 34.54 34.33 34.76 33.68 34.3275 0.46600 
Experiment: M17.DAT Apparatus: Model Temp: ? 
Carry Fluid: Tapwater Particles: Na Bentonite 
1.81 
3.63 
5.44 
7.26 
9.07 
10.88 
12.70 
14.51 
5.05 
5.947 
5.502 
5.727 
5.724 
6.335 
7.706 
* 
197 
Cv: * Cw: 40% 
Temp:18.9 
Cv:1. 3% 
Cv:5.8% 
Cv:2.0% 
Experiment : N1.DAT Apparatus: Model 
Carry Fluid: Bullock Creek debris flow fines #3 
1.81 * 350.61 215.89 3.63 323.84 402.63 409.33 
5.44 347.58 431.8 470.6 
7.26 381.3 501.3 511.7 
9.07 414.5 505.2 543.8 
10.88 457.7 518.6 541. 7 
12.70 487.9 526.8 568.0 
14.51 496.5 554.8 574.3 
Experiment : N2.DAT Apparatus: Model 
Carry Fluid: Bullock Creek debris flow fines #4 
1.81 
3.63 
5.44 
7.26 
9.07 
10.88 
12.70 
14.51 
75.56 
116.58 
140.33 
187.82 
226.68 
267.70 
287.13 
310.88 
Experiment: N3.DAT 
134.72 
200.78 
153.71 
205.10 
269.86 
308.72 
304.40 
321.68 
Apparatus: Model 
Carry Fluid: Tarndale debris flow #1 
1.81 108 53.97 91.75 130.61 96.083 32.2821 
3.63 118 69.08 167.53 191.71 136.580 54.4631 
5.44 136 112.26 209.00 237.00 173.565 59.0171 
7.26 168 167.00 264.00 334.00 233.250 81.1228 
9.07 * 240.00 335.00 392.00 322.333 76.7876 
10.88 * 308.00 392.00 439.00 379.667 66.3652 
12.70 * 362.00 431.00 518.00 437.000 78.1729 
14.51 * 417.00 497.00 565.00 493.000 74.0810 
Experiment: N4.DAT Apparatus: Model 
Carry Fluid: Bullock Creek debris flow fines 
1.81 
3.63 
5.44 
7.26 
9.07 
10.88 
12.70 
492.23 
555.27 
585.06 
557.00 
561. 53 
600.61 
647.07 
370.90 
533.25 
547.28 
560.67 
* 
* 
* 
198 
Temp: ? 
Cw:82% 
I, 
Temp: ? 
Cw:81% 
Temp:17.3 
Cw:80% 
Temp:15.8 
Cw:83% 
Experiment: N5.DAT Apparatus: Model Temp: ? 
Carry Fluid: Tarndale debris flow #2 
1.81 259.07 172.71 107.95 172.71 178.110 62.0088 
3.63 302.25 231.00 151.12 215.89 225.065 62.0344 
5.44 280.66 243.96 209.41 263.39 249.355 30.5597 
7.26 237.48 246.11 259.07 336.79 269.863 45.4920 
9.07 * 287.13 302.25 356.22 315.200 36.3199 
10.88 * 295.77 345.42 431.78 357.657 68.8257 
12.70 * 388.60 474.96 561.31 474.957 86.3550 
Experiment N6.DAT Apparatus: Model 
Carry Fluid: Tarndale debris flow #3 
1.81 0.86 0.86 0.43 1.51 0.9150 0.44546 
3.63 1.30 1.51 1.51 2.37 1.6725 0.47542 
5.44 1.73 1.47 5.40 3.02 2.9050 1.79612 
7.26 3.24 2.59 9.50' 9.07 6.1000 3.69146 
9.07 6.04 3.89 10.58 10.15 7.6650 3.24364 
10.88 7.34 5.18 12.52 11.44 9.1200 3.44647 
12.70 8.42 5.61 12.95 13.39 10.0925 3.73849 
14.51 9.28 5.83 14.03 14.68 10.9550 4.17941 
Experiment: N7.DAT Apparatus: Model 
Carry Fluid: Tarndale debris flow #4 
1.81 21.6 77.7 49.65 39.669 
3.63 28.1 118.7 73.40 64.064 
5.44 28.1 157.6 92.85 91.570 
7.26 43.2 231.0 137.10 132.795 
9.07 82.0 276.3 179.15 137.391 
10.88 172.7 293.6 233.15 85.489 
12.70 231.0 315.2 273.10 59.538 
14.51 277.9 345.4 311.65 47.730 
Experiment: N8.DAT Apparatus: Model 
Carry Fluid: Tarndale Debris flow #5 
1.81 
3.36 
5.44 
7.26 
9.07 
10.88 
12.70 
1.3 
1.5 
1.9 
9.3 
44.9 
64.8 
71. 2 
Temp: 19.1 
Temp: ? 
Temp: ? 
199 
Cw:82% 
Cw:75% 
"-'--:--- . 
Cw:80% 
Cw:75% 
Experiment: N9.DAT Apparatus: Model 
Carry Fluid: Tarndale debris flow #6 
* 40.60 
* 41.00 
* 39.90 
* 
* 
* 
1.81 40.6 
3.63 41.0 
5.44 39.9 
7.26 53.8 
9.07 79.9 
10.88 112.3 
12.70 144.6 
55.1 54.45 
92.8 86.35 
129.5 120.90 
155.4 150.00 
0.9192 
9.1217 
12.1622 
7.6367 
Experiment : Nl0.DAT Apparatus: Model 
Carry Fluid: Tarndale debris flow #7 
1.81 15.1 * 
3.63 14.7 14.5 
5.44 15.1 16.6 
7.26 16.0 32.4 
9.07 20.3 64.8 
* * 15.100 * 
12.1 14.2 13.875 1.2010 
16.4 30.2 19.575 7.1145 
51.8" 68.9 42.275 23.0037 
71.2 97.2 63.375 31.9523 
92.8 116.6 84.800 30.5055 10.88 43.4 86.4 
.12. 70 62.6 91. 8 105.8 124.1 96.075 25.9410 
Experiment: 01.DAT Apparatus: Model 
Temp:18.8 
Temp: ? 
Temp: ? 
Carry Fluid: Clay slurry Particles: Glass beads 
1.81 0.92 1.38 1.30 1.07 1.1675 0.21093 
3.63 1.11 1.90 1.62 1.56 1.5475 0.32715 
5.44 0.93 1.89 1.82 1.77 1.6025 0.45103 
7.26 1.28 2.33 2.50 1.93 2.0100 0.54216 
9.07 4.72 6.69 5.59 7.34 6.0850 1.16179 
10.88 9.72 25.58 25.69 21.80 20.6975 7.53845 
12.70 27.85 29.15 32.38 32.60 30.4950 2.36568 
Experiment: 02.DAT Apparatus: Model Temp: ? 
Carry Fluid: Clay slurry Particles: lmm Quartz sand 
1.81 186.53 153.71 143.57 * 161.270 22.4556 
3.63 256.81 174.22 172.71 * 201.247 48.1252 
5.44 263.39 222.80 194.70 * 226.963 34.5337 
7.26 259.07 257.12 224.74 * 246.977 19.2822 
9.07 246.11 254.32 251.94 * 250.790 4.2241 
Experiment: 03.DAT Apparatus: Model Temp: ? 
Carry Fluid: Clay slurry Particles: .5 - .7mm sand 
1.81 442.57 462.00 452.285 13.739 
3.63 416.67 474.96 445.815 41.217 
5.44 367.01 483.59 425.300 82.435 
7.26 345.42 458.77 402.095 80.151 
9.07 259.07 451.21 355.140 135.863 
200 
Cw:79% 
, - ; -:-~.' -: -, 
Cw:78% 
Cv: * Cw: 80% 
Cv: * Cw: 83% 
Cv: * Cw: 80% 
Experiment : 04.DAT Apparatus: Model Temp: ? 
Carry Fluid: Clay slurry Particles: Glass beads 
3.63 123.06 
7.26 129.53 
10.88 151.12 
Experiment: P2.DAT Apparatus: Model Temp: ? 
Carry Fluid: 1.0% CMC Particles: 3mm glass beads 
1.81 3.22 3.56 3.26 3.43 3.3675 0.157348 
3.63 6.26 6.09 6.00 5.87 6.0550 0.163809 
5.44 8.85 8.40 7.99 8.05 8.3225 0.395422 
7.26 10.58 10.08 9.59 9.72 9.9925 0.443123 
9.07 12.85 12.26 11.66 11.81 12.1450 0.534696 
10.88 15.33 16.62 15.33 15.05 15.5825 0.704149 
12.70 21.59 21.59 21.37 21.59 21.5350 0.110000 
14.51 26.12 26.55 26.12 26.12 26.2275 0.214999 
Experiment : P3.DAT Apparatus: Model Temp: ? 
Carry Fluid: 1.0% CMC Particles: 3mm glass beads 
1.81 3.48 3.50 3.56 3.50 3.5100 0.034641 
3.63 6.26 6.13 6.37 6.22 6.2450 0.099499 
5.44 8.51 8.42 8.33 8.29 8.3875 0.098107 
7.26 10.56 10.06 10.13 10.04 10.1975 0.244728 
9.07 12.31 12.15 12.39 12.15 12.2500 0.120000 
10.88 17.70 17.49 17.92 17.92 17.7575 0.206297 
12.70 24.61 24.18 23.96 23.96 24.1775 0.306418 
14.51 31.30 30.87 30.44 30.66 30.8175 0.366458 
Experiment : P4.DAT Apparatus: Model Temp: ? 
Carry Fluid: 1.0% CMC Particles: 3mm glass beads 
1.81 5.40 4.75 4.71 4.64 4.8750 0.35294 
3.63 8.20 8.01 7.12 7.77 7.7750 0.47078 
5.44 10.49 10.51 8.74 10.02 9.9400 0.83142 
7.26 12.31 12.26 10.66 12.03 11.8150 0.77959 
9.07 13.82 14.46 13.39 13.99 13.9150 0.44246 
10.88 21.59 21.80 22.02 22.02 21.8575 0.20630 
12.70 34.54 33.68 33.89 33.89 34.0000 0.373l6 
14.51 51.17 50.09 49.65 48.36 49.8175 1.16274 
201 
Cv: * Cw: 81% 
Cv: 35% 
Cv: 40% 
Cv: 45% 
Experiment · P5.DAT Apparatus: Model Temp: · 
Carry Fluid: 1.0% CMC Particles: 3mm glass beads 
1.81 6.93 7.21 6.13 6.18 6.613 0.54089 
3.63 10.19 10.58 9.50 9.67 9.985 0.49346 
5.44 12.69 12.31 11.66 12.22 12.220 0.42528 
7.26 15.33 14.68 14.25 14.25 14.628 0.51032 
9.07 23.96 23.96 23.75 20.73 23.100 1. 58310 
10.88 42.10 44.04 43.61 39.72 42.368 1. 95123 
12.70 73.40 72.25 72.25 69.08 71. 745 1.85753 
14.51 107.95 108.38 108.38 106.87 107.895 0.71276 
Experiment · P6.DAT Apparatus: Model Temp: · 
Carry Fluid: 2.0% CMC Particles: 3mm glass beads 
1.81 51.81 50.30 56.13 52.747 3.0258 
3.63 71.24 75.56 71.24 72.680 2.4942 
5.44 77.29 88.51 78.80 81.533 6.0890 
7.26 98.45 104.49 99.31 100.750 3.2674 
9.07 112.26 123.06 114.42 116.580 5.7148 
10.88 117.66 133.85 112.26 121.257 11.2354 
12.70 129.53129.53 131.69 130.250 1.2471 
14.51 177.03 170.55 189.98 179.187 9.8929 
? 
? 
Experiment: P7.DAT Apparatus~ Model Temp: ? 
Carry Fluid: 2.0% CMC 
1.81 
3.63 
5.44 
7.26 
9.07 
10.88 
64.77 
79.02 
87.00 
112.26 
116.58 
144.65 
Experiment: P8.DAT 
Carry Fluid: 2.0% CMC 
1.81 
3.63 
5.44 
7.26 
9.07 
10.88 
12.70 
14.51 
140.33 
179.19 
196.46 
213.73 
237.48 
248.27 
317.36 
367.01 
Particles: 3mm glass beads 
Apparatus: Model Temp: ? 
Particles: 3mm glass beads 
202 
~ .. ~ .'~ , -'- . 
Cv: 50% f~::;_~·~4:_:_._:<': 
Cv: 35% 
Cv: 40% 
Cv: 55% 
Experiment : P9.DAT Apparatus: Model Temp: ? 
Carry Fluid: 1.0% CMC Particles: 5mm pebbles 
1.81 8.85 8.85 8.29 8.6633 0.32332 
3.63 14.68 14.46 13.60 14.2467 0.57073 
5.44 17.70 17.49 16.84 17.3433 0.44837 
7.26 20.29 19.21 19.00 19.5000 0.69217 
9.07 22.45 21.59 21.59 21.8767 0.49652 
10.88 31.30 30.44 29.36 30.3667 0.97208 
12.70 41.02 40.37 40.16 40.5167 0.44837 
14.51 52.46 52.68 52.68 52.6067 0.12702 
16.32 64.77 60.45 64.77 63.3300 2.49415 
Experiment : P10.DAT Apparatus: Model Temp: ? 
Carry Fluid: 1.0% CMC Particles: 5mm pebbles 
1.81 8.64 8.64 8.20 8.4933 0.25403 
3.63 13.17 11.87 14.03 13.0233 1.08744 
5.44 17.70 14.68 17.70 16.6933 1.74360 
7.26 19.43 17.70 21.59 19.5733 1.94896 
.9.07 22.24 22.24 25.69 23.3900 1.99186 
10.88 36.70 34.54 36.92 36.0533 1.31519 
12.70 53.99 51.81 52.89 52.8967 1.09002. 
14.51 69.08 69.08 69.08 69.0800 0.00000 
16.32 86.36 87.22 86.36 86.6467 0.49652 
Experiment: P11.DAT Apparatus: Model Temp: ? 
Carry Fluid: 1.0% CMC Particles: 5mm pebbles 
1.81 12.52 10.36 11.440 1.5274 
3.63 17.92 15.33 16.625 1.8314 
5.44 20.94 19.43 20.185 1.0677 
7.26 24.61 22.24 23.425 1.6758 
9.07 33.46 31.95 32.705 1.0677 
10.88 57.86 53.97 55.915 2.7506 
12.70 82.04 80.96 81.500 0.7637 
14.51 107.95 123.06 115.505 10.6844 
16.32 * * * * 
Experiment : P12.DAT Apparatus: Model Temp: ? 
Carry Fluid: 1.0% CMC Particles: 5mm pebbles 
1.81 18.13 17.92 18.025 0.14849 
3.63 23.75 21.80 22.775 1.37886 
5.44 29.36 26.77 28.065 1.83141 
7.26 49.65 42.10 45.875 5.33866 
9.07 77.72 73.40 75.560 3.05470 
10.88 123.06 120.90 121.980 1.52735 
12.70 172.71 164.08 168.395 6.10233 
14.51 211.57 209.41 210.490 1.52735 
203 
Cv: 35% 
Cv: 40% 
.;- •••• <.' ".:-
Cv: 45% 
Cv: 50% 
Experiment : P13.DAT Apparatus: Model Temp: ? 
Carry Fluid: 1.0% CMC Particles: 5mm pebbles 
1.81 41.02 
3.63 47.50 
5.44 73.40 
7.26 138.17 
9.07 211.57 
10.88 297.93 
12.70 356.22 
14.51 349.74 
Experiment : P14.DAT Apparatus: Model Temp:17.4 
Carry Fluid: 0.5% CMC Particles: 5mm pebbles 
1.81 0.22 0.19 0.205 0.021213 
3.63 1.34 1.36 1.350 0.014142 
5.44 3.28 3.26 3.270 0.014142 
7.26 5.83 5.18 5.505 0.459619 
9.07 6.69 6.39 6.540 0.212132 
10.88 8.85 8.96 8.905 0.077782 
12.70 11.77 11.57 11.670 0.141422 
14.51 14.68 14.25 14.465 0.304056 
Experiment: P15.DAT Apparatus: Model Temp:17.6 
Carry Fluid: 0.5% CMC Particles: 5mm pebbles 
1.81 2.61 2.31 2.460 0.21213 
3.63 3.89 4.25 4.070 0.25456 
5.44 5.85 5.83 5.840 0.01414 
7.26 6.17 7.17 6.670 0.70711 
9.07 9.07 9.28 9.175 0.14849 
10.88 14.40 14.96 14.680 0.39598 
12.70 25.91 27.63 26.770 1.21622 
14.51 46.42 47.50 46.960 0.76368 
Experiment : P16.DAT Apparatus: 
Carry Fluid: 0.5% CMC Particles: 
1. 81 5.61 4.97 5.290 0.45255 
3.63 6.80 7.12 6.960 0.22627 
5.44 7.99 7.99 7.990 0.00000 
7.26 10.79 10.58 10.685 0.14849 
9.07 25.91 25.91 25.910 0.00000 
10.88 53.97 56.13 55.050 1.52735 
12.70 92.83 94.99 93.910 1.52735 
14.51 140.33 140.33 140.330 0.00000 
Model Temp:18.1 
5mm pebbles 
204 
Cv: 55% 
Cv: 35% 
Cv: 45% 
Cv: 50% 
Experiment: P17.DAT Apparatus: Model Temp:18.9 
Carry Fluid: 0.5% CMC Particles: 5mm pebbles 
1.81 5.61 6.48 6.045 0.6152 
3.63 8.64 8.64 8.640 0.0000 
5.44 10.79 10.79 10.790 0.0000 
7.26 43.18 25.91 34.545 12.2117 
9.07 129.53 120.90 125.215 6.1023 
10.88 215.89 215.89 215.890 0.0000 
12.70 295.77 291.45 293.610 3.0547 
14.51 367.01 356.22 361.615 7.6297 
Experiment : P18.DAT Apparatus: Model Temp:18.0 
Carry Fluid: 2.0% CMC Particles: 5mm pebbles 
1.81 * 76.43 75.56 75.995 0.6152 
3.63 110.10 103.63 96.07 103.267 7.0221 
5.44 131.69 114.42 107.95 118.020 12.2726 
7.26 145.51 128.45 127.38 133.780 10.1726 
9.07 155.44 133.85 144.65 144.647 10.7950 
10.88 159.76 * 181.35 170.555 15.2664 
12.70 * * 256.91 256.910 * 
14.51 * * 278.50 278.500 * 
Experiment P19.DAT Apparatus: Model Temp: ? 
Carry Fluid: 2.0% CMC Particles: 5mm pebbles 
1.81 105.79 
3.63 151.12 
5.44 189.98 
7.26 254.75 
9.07 295.77 
10.88 341.11 
12.70 373.49 
14.51 403.71 
Experiment : P20.DAT 
Carry Fluid: 2.0% CMC 
1. 81 
3.63 
5.44 
7.26 
9.07 
10.88 
12.70 
177 .03 
188.69 
198.62 
202.94 
205.10 
207.25 
209.41 
Apparatus: Model Temp:18.2 
Particles: 5mm pebbles 
205 
Cv: 55% 
Cv: 35% 
Cv: 45% 
Cv: 50% 
The following data are arranged as follows: 
Cl - shear rate 
C2 - apparent viscosity 
C3 - shear stress 
Experiment : RO.DAT 
Carry Fluid: Cement 
0.544 370 201 
0.108 310 281 
1.088 277 301 
1. 270 317 402 
1.452 263 382 
1.633 234 382 
1.814 210 382 
2.357 162 382 
Experiment : R1.DAT 
Bullock Creek fullscale mix 
.8162101 1544.505 
.8162101 1441.471 
.8162101 1941. 489 
.8162101 1795.651 
.8162101 1742.997 
.8162101 1383.135 
.8162101 1613.068 
.8162101 1688.45 
.8162101 1660.039 
.8162101 1837.698 
.8162101 1641.099 
.8162101 1696.026 
.8162101 1922.928 
.8162101 1895.276 
.8162101 1444.88 
.8162101 1578.976 
.8162101 2025.583 
.8162101 2347.944 
.8162101 1949.823 
.8162101 2070.282 
1.08828 1448.162 
1.08828 1345.602 
1.08828 928.5406 
1.08828 1199.289 
1.08828 1304.123 
1.08828 1129.685 
1.08828 1382.535 
1.08828 1464.64 
1.08828 1611.236 
1.08828 1541.063 
1.08828 1357.25 
1. 08828 1353.272 
1. 08828 1217.756 
1.08828 1347.022 
1.08828 1568.053 
1.08828 1147.583 
1.08828 1341. 909 
Apparatus: Prototype rheometer Temp:? 
Particles: Concrete Cv: ? 
Apparatus: Prototype Temp: ? 
Cw:90% 
1260.64 
1176.543 
1584.663 
1465.628 
1422.652 
1128.929 
1316.602 
1378.13 
1354.941 
1499.947 
1339.482 
1384.313 
1569.513 
1546.943 
1179.326 
1288.776 
1653.301 
1916.415 
1591.465 
1689.785 
1576.006 
1464.391 
1010.512 
1305.163 .:.. 
1419.251 
1229.413 
1504.585 
1593.939 
1753.476 
1677 .108 
1477.068 
1472.739 
1325.259 
1465.937 
1706.481 
1248.892 
1460.372 
206 
'.. -." 
!:",';>::.;.', 
207 
1.08828 1595.895 1736.78 
1.08828 1336.794 1454.807 
1.08828 1110.65 1208.698 ' .-. , ,", .'.-~ .'. 
1.54173 979.7171 1510.459 rXr"::-:-:':~'::-:-;-':' 
1.54173 794.2155 1224.466 
1. 54173 949.0342 1463.155 
1. 54173 855.1805 1318.457 
1.54173 841.5436 1297.433 
1. 54173 1067.555 1645.881 
1. 54173 851.7711 1313.201 
1. 54173 1036.671 1598.267 
1. 54173 865.2074 1333.916 
1. 54173 949.6357 1464.082 
1. 54173 1041.283 1605.378 ,:-.>::-._: '::-
1.54173 880.6493 1357.724 
1.54173 1020.026 1572.605 
1. 54173 990.9475 1527.774 
1. 54173 1068.958 1648.045 
1. 54173 853.5762 1315.984 
1. 54173 897.2942 1383.386 
1. 54173 736.259 1135.112 
1.54173 972.2971 1499.02 ;-.,-.: . ..---:---
1.54173 950.0368 1464.7 
1..8138 805.4859 1460.99 
1.8138 793.383 1439.038 
1. 8138 798.8378 1448.932 
1.8138 849.2942 1540.45 
1. 8138 688.7201 1249.201 
1.8138 928.388 1683.91 
1. 8138 864.8061 1568.586 
1.8138 800.8835 1452.642 
1. 8138 827.4753 1500.875 
1. 8138 774.9732 1405.647 
1. 8138 943.559 1711. 428 
1. 8138 750.9383 1362.052 
1. 8138 796.1105 1443.985 
1.8138 806.6791 1463.155 
1. 8138 893.6141 1620.837 
1. 8138 824.5775 ' 1495.619 
1.8138 773.0983 1402.246 
1.8138 761.166 1380.603 
1.8138 973.2194 1765.225 
1.8138 795.0877 1442.13 
2.44863 531.7548 1302.071 
2.44863 588.3225 1440.584 
2.44863 608.9041 1490.981 
2.44863 650.8248 1593.629 <. 
2.44863 590.9741 1447.077 
2.44863 570.519 1396.99 
2.44863 602.8432 1476.14 
2.44863 517.8654 1268.061 
2.44863 581. 3778 1423.579 
2.44863 552.9676 1354.013 
2.44863 464.4542 1137.277 
2.44863 561.1751 1374.11 
2.44863 484.7833 1187.055 
2.44863 544.634 1333.607 
2.44863 490.7179 1201. 587 
2.44863 460.6663 1128.001 
2.44863 537.058 1315.056 
208 
2.44863 371. 5216 909.7189 
2.44863 412.811 1010.821 
2.44863 544.3815 1332.989 
478.0111 1300.525 
',"_ .. -.",-.".-:-.-
2.7207 - .. 
2.7207 485.625 1321.24 
!<.~; ~-~-- -~: ~~-::;>: 
2.7207 452.6692 1231.577 
2.7207 490.6252 1334.844 
2.7207 440.5097 1198.495 
2.7207 403.0083 1096.465 
2.7207 439.487 1195.712 
2.7207 508.5804 1383.695 
2.7207 562.6733 1530.865 
2.7207 463.6924 1261. 568 
2.7207 481.0794 1308.873 
2.7207 448;1237 1219.21 
2.7207 463.9197 1262.186 
2.7207 409.1449 1113.161 
2.7207 359.2567 977 .4296 
2.7207 405.6221 1103.576 
2.7207 374.4845 1018.86 
2.7207 370.5071" 1008.039 
2.7207 401. 3037 1091. 827 
2.7207 425.7364 1158.301 
3 .. 628 387.2734 1405.028 
3.628 328~8972 1193.239 
3.628 351.7362 1276.099 
3.628 404.062 1465.937 
3.628 335.374 1216.737 
3.628 343.2141 1245.181 
Experiment R2.DAT Apparatus: Prototype Temp: ? 
Bullock Creek fullscale mix Cw:88% 
.9069001 1790.26 1623.587 
.9069001 1960.143 1777.653 
.90~9001 1721.918 1561. 607 
.9069001 1978.693 1794.477 
.9069001 1825.409 1655.464 
.9069001 1735.586 1574.003 
.9069001 2101.711 1906.042 
.9069001 2054.847 1863.541 
.9069001 1693.604 1535.929 
.9069001 1719.965 1559.836 
.9069001 1848.841 1676.714 
.9069001 1730.705 1569.576 
.9069001 1673.101 1517.335 -;. 
.9069001 1773.663 1608.535 
.9069001 1617.45 1466.866 
.9069001 1551. 06 1406.656 
.9069001 1471.976 1334.935 
.9069001 1641. 858 1489.001 
.9069001 1521.769 1380.093 
.9069001 1634.047 1481. 918 
1.45104 1211. 665 1758.174 
1. 45104 1181. 765 1714.789 
1. 45104 1062.164 1541. 242 
1. 45104 995.0411 1443.845 
1. 45104 956.598 1388.062 
1.45104 1133.558 1644.838 
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1. 45104 1063.995 1543.899 
1.45104 952.9366 1382.749 
1.45104 872.3889 1265.871 
1.45104 1021.28 1481.918 ~:. :. 
1.45104 1229.971 1784.737 
1.45104 1052.401 1527.075 
1.45104 1005.414 1458.896 
1. 45104 887.6445 1288.008 
1.45104 976.7346 1417.281 
1.45104 1057.892 1535.044 
1.45104 992.5999 1440.302 
1.45104 1023.11 1484.574 
1.45104 829.0642 1203.005 
1.45104 1012.127 1468.636 
1. 99518 725;4413 1447.386 
1. 99518 706.3586 1409.313 
1.99518 751. 6248 1499.627 
1. 99518 727.2166 1450.928 
1.99518 705.0273 1406.656 
1.99518 650.8848 1298.633 
1.99518 665.9736 1328.737 
1.99518 877.6606 1751.091 
1. 99518 586.5356 1170.244 
1~99518 863.0152 1721.871 
1. 99518 684.1693 1365.041 
1.99518 744.5243 1485.46 
1.99518 708.577 1413.739 
1. 99518 543.4883 1084.357 
1. 99518 702.3643 1401. 343 
1. 99518 745.4117 1487.231 
1. 99518 639.3465 1275.611 
1.99518 651. 329 1299.518 
1.99518 728.9915 1454.469 
1. 99518 954.4358 1904.271 
2.35794 528.5933 1246.391 
2.35794 559.3855 1318.997 
2.35794 504.5608 1189.724 
2.35794 584.9203 1379.207 
2.35794 575.5326 1357.071 
2.35794 619.8431 1461.553 
2.35794 652.1371 1537.7 
,----
2.35794 733.6236 1729.84 
2.35794 568.7735 1341.134 
2.35794 575.5326 1357.071 
2.35794 760.6606 1793.592 
2.35794 584.1693 1377.436 
2.35794 554.8795 1308.373 " 
2.35794 551.8755 1301. 289 
2.35794 679.9251 1603.223 
2.35794 606.7 11+30.562 
2.35794 635.6146 1498.741 
2.35794 559.7611 1319.883 
2.35794 575.5326 1357.071 
2.35794 550.3731 1297.747 
2.53932 601.3717 1527.075 
2.53932 450.3885 1143.681 
2.53932 519.4293 1318.997 
2.53932 514.1991 1305.716 
2.53932 644.6093 1636.869 
2.53932 598.2333 1519.106 
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2.53932 652.6291 1657.234 
2.53932 523.6139 1329.623 
2.53932 568.9435 1444.729 
2.53932 535.4693 1359.728 
2.53932 558.8313 1419.052 
2.53932 587.0752 1490.772 
2.53932 593.352 1506.71 
2.53932 576.2658 1463.323 
2.53932 508.2712 1290.663 
2.53932 626.1288 1589.941 
2.53932 557.7852 1416.395 
2.53932 597.1876 1516.451 
2.53932 576.9635 1465.095 
2.53932 668.3203 1697.079 
2.7207 473.4104 1288.008 
2.7207 485.7771 1321. 654 
2.7207 535.5701 1457.126 
2.7207 502.3749 1366.811 
2.7207 471. 7829 1283.58 
2.7207 489.6822 1332.279 
2.7207 462.345 1257.902 
2.7207 450.3035 1225.141 ...... :-..... 
2.7207 523.8543 1425.25 
2,.7207 492.6114 1340.248 
2.7207 487.4043 1326.081 
2.7207 547.9368 1490.772 
2.7207 458.1142 1246.391 
2.7207 554.1205 1507.595 
2.7207 520.5997 1416.395 
2.7207 451.6055 1228.683 
2.7207 609.7715 1659.005 
2.7207 585.6885 1593.482 
2.7207 526.4578 1432.334 
2.7207 513.44 1396.916 
2.7207 606.1915 1649.265 
2.7207 519.6231 1413.739 
I 2.7207 477.3156 1298.633 
2.7207 505.9548 1376.551 
2.7207 627.9963 1708.59 
2.7207 589.594 1604.108 
2.7207 482.5227 1312.8 
2.7207 570.7181 1552.753 
2.7207 561.2803 1527.075 
2.7207 619.5348 1685.568 
2.7207 581.1325 1581. 087 
2.7207 535.5701 1457.126 
2.7207 535.5701 1457.126 .. 
2.7207 467.8777 1272.955 
2.7207 540.7773 1471.293 
2.7207 514.7417 1400.458 
2.7207 531. 0138 1444.729 
2.7207 602.937 1640.411 
2.7207 452.2563 1230.454 
2.7207 454.5346 1236.652 
3.26484 489.70i 1598.795 
3.26484 505.1595 1649.265 
3.26484 504.0748 1645.724 
3.26484 509.4987 1663.432 
3.26484 505.1595 1649.265 
3.26484 486.989 1589.941 
3.26484 
3.26484 
3.26484 
3.26484 
3.26484 
3.26484 
3.26484 
3.26484 
3.26484 
3.26484 
3.26484 
3.26484 
3.26484 
3.26484 
504.8885 
478.8528 
466.6486 
556.9596 
489.43 
505.9732 
464.4793 
485.9044 
460.6823 
481.0225 
497.8372 
434.3756 
499.7355 
447.9358 
1648.38 
1563.378 
1523.533 
1818.384 
1597.911 
1651. 921 
1516.451 
1586.4 
1504.054 
1570.461 
1625.359 
1418.167 
1631. 557 
1462.439 
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